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ABSTRACT   
Biogenic coal bed methane (CBM) has gained considerable interest because of its potential 
to be regenerated. The research reported in this thesis  evaluated the potential to develop Indonesian 
coals as CH4 bioreactors using culture enrichment, molecular phylogenetic and isotopic 
composition analysis methods. The results increase the current understanding on microbial 
methanogenesis in coal, with a specific focus on Indonesian coals.   
Indonesian coals range in rank from lignite to bituminous, with anthracites occurring in 
specific areas. The coals are low in ash yield and dominated by vitrinite group macerals, with 
abundant liptinite group macerals, which is thought to make them good targets for methanogenesis. 
Stable isotope analysis of gas from pilot production wells confirmed the hypothesis that 
Indonesian CBM is partly biogenic in origin. Culture enrichment studies of formation water from 
these CBM pilot wells also indicated the presence of active coal to CH4 consortia that has the 
capability for degrading native South Sumatra Basin (SSB) coals and foreign Surat Basin coal from 
Australia. Among the Indonesian coal basins, the SSB currently has the greatest CBM potential and 
good accessibility for gas, water, and coal sampling that is required to assess the biogenic CH4 
potential of Indonesian coal. Therefore, SSB was targeted for the experiments conducted in this 
thesis. 
Detailed laboratory experiments assessing both acetoclastic and hydrogenotrophic 
pathways for formation waters from five SSB CBM wells confirmed the presence of microbial 
communities capable of methanogenesis in all.  The representative bacterial sequences were 
dominated by Bacteroidetes, Firmicutes and Deltaproteobacteria while the archaea sequences by 
members of Methanobacteriales, Methanosarcinales and Methanomicrobiales. When grown on 
Muaraenim SSB coal, under ideal laboratory conditions, SSB cultures yielded a maximum net CH4 
production of 130 Scf t
–1
, warranting further study to confirm mechanisms. Although the 
application of the laboratory results to  field conditions remains a challenge, the results are still 
promising. Considering the large amount of deep subsurface unutilized SSB coal, the conversion of 
only a small fraction of that coal to CH4 could significantly increase the SSB CBM field reserves 
and reservoir lifetime.  
The investigation of the microbial methanogen community structure grown on different 
coal substrates showed temporal changes in community structure over time, and suggested some 
influence of coal substrate on  the microbial community composition. The community structure 
exhibited greater similarity when grown on coal from the same seam but of different ranks (Mangus 
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sub-bituminous (SB) Rv 0.5% and Mangus Anthracite (A) Rv 2.2%) than for  coal of similar types 
(Mangus SB Rv 0.5% and Burung SB Rv 0.39%). The obligate acetoclastic Methanosaeta members 
favor Burung SB coal, while metabolically versatile Methanosarcina members favor the Mangus 
coals and the obligate hydrogenotrophic methanogens are significant in the control cultures without 
coal. Regardless of the community structure similarities across all coal cultures, more CH4 was 
generated from the lower rank sub-bituminous coal cultures relative to the one high-rank semi 
anthracite coal. These results suggest a potential relationship between coal type and rank, microbial 
community composition and CH4 production, which warrants further investigation. 
While CH4 measurements and molecular phylogenetic analysis confirmed the production 
of biogenic CH4 in the cultures, the gas sampled from the culture  headspace  had δ
13
C-CH4 values 
(  52.2‰ to   22.6‰) that mostly fell outside the range currently considered to indicate a biogenic 
origin. In this study, the apparent carbon fractionation factor (αc=1.02±0.006) and isotope effect 
(εc=  20.1‰±15.3) were found to be more useful indicators of methanogenic pathways than the 
absolute δ13C-CH4 values. Both values agreed with the calculated contribution of CO2 reduction 
pathway (ƒmc=18%±24%) and molecular analysis results that showed the dominance of acetoclastic 
over hydrogenotrophic methanogens. In contrast, the δD of H2+CO2 and acetate derived CH4 were 
relatively similar, suggesting that in this study δD isotopic measurement may not provide a reliable 
basis for distinguishing methanogenic pathways. The high δ13C-CH4 values found in this study 
indicate that the methanogens are operating at low substrate concentration. Substrate depletion is 
thought to strongly affect the SSB cultures δ13C-CH4 composition and may relate to a decrease in 
the relative abundance of the key bacterial coal degrader with formation water inoculum storage 
time.  
Overall, the research output demonstrated that Indonesian coals in  the SSB contain an 
active CH4-forming microbial community, which adds to the known basins where microbial 
communities can form CH4 from coal measures and their formation waters. The results also 
emphasize the potential of Indonesian coal to be developed into CH4 bioreactors that could 
contribute to Indonesia‟s future energy supply. From a scientific point of view, the results underline 
a possible positive extension of δ13C-CH4 values for biogenic origin beyond that currently available 
in the literature. The research results also highlight the need for further more detailed studies on 
coals of different type and rank, to assess the potential for microbes to form CH4 directly from the 
coal itself.  
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INTRODUCTION 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
If we would have new knowledge we must get whole world new questions (Susanne Langer) 
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1.1. BACKGROUND  
Globally, coal is the most abundant fossil fuel resource. At favourable depths, coal may 
contain a significant volume of natural gas that can be used as a source of energy. Coal gas is 
composed primarily of CH4 (80 – 95% by volume) with a small volume of CO2, ethane, propane 
and butane. The terminology used to refer to the nature of the gas adsorbed in the coal includes coal 
bed natural gas; coal seam gas and coal bed CH4 (CBM).  The term CBM is largely used, as CH4 is 
the target production gas for exploitation from coal. This thesis explores the origins of CBM in 
Indonesian coal and investigates the potential to enhance its generation through microbial 
stimulation. 
The formation of gas in coal has a broad similarity to gas formation found in shale. Both 
CBM and shale gas are considered as unconventional gas resources and they often require 
stimulation for production. The gas can be generated either from biogenic processes as a result of 
microbial activity or thermogenic processes as a result of burial and heating of the organic matter. 
Compared to thermogenic gas plays, biogenic gas plays are considered to have small gas resources, 
which make them unattractive for exploitation.  However, the discoveries of biogenic gas 
worldwide and the success of biogenic gas production from the coal bed in the Powder River Basin, 
and the Antrim shale in Michigan Basin, USA, increased the interest in unconventional biogenic gas 
plays both in coal (Ahmed and Smith, 2001; Bates et al., 2011; Butland and Moore, 2008; Faiz and 
Hendry, 2006; Hamilton et al., 2014; Mares and Moore, 2008; McIntosh et al., 2008) and shale 
(Krüger et al., 2014; Martini et al., 1996; Martini et al., 2008; Schlegel et al., 2013).  
The microbial transformation of coal  into CH4 is a multistage process that requires the 
involvement of a metabolically diverse microbial community (Faison, 1991; Fakoussa and 
Hofrichter, 1999; Strąpoć et al., 2011). This microbial community, often referred to as the microbial 
methanogen consortia, consists of bacteria phyla that hydrolyze and ferment coal complex organic 
compounds into H2 and organic acids, followed by methanogenic Archaea  that transform these 
fermentative products into CH4 (Jones et al., 2010; Strąpoć et al., 2011). Recent isotopic studies and 
culture studies showed that many CBM reservoirs contain active microbial methanogen consortia 
(Penner et al., 2010; Singh et al., 2012; Strąpoć et al., 2008; Ulrich and Bower, 2008; Wawrik et al., 
2012). In the laboratory, these consortia have proven capable of producing real-time CH4 using coal 
as their source of carbon.  Although the rate of the gas produced in the laboratory and natural 
environment  may not be comparable, the result of those studies suggest the potential for developing 
coal as a CH4 bioreactor with the capability to produce new and renewable biogenic gas resources.  
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Coal as bioreactor concept first appeared with the introduction of Microbially Enhanced Coal 
bed CH4 (MECoM) by Scott (1999). This concept was initially suggested to enhance the production 
of biogenic CH4 in a coal gas reservoir, through the introduction of bacterial consortia or nutrients. 
MECoM has potential to produce new CH4 from the coal. In addition,  it may also increase 
reservoir permeability via the microbial consumption of coal, waxes and paraffins (Scott, 1999), 
which in turn may increase CBM production and reservoir lifetime.  
Culture enrichment studies, along with molecular and geochemical analysis, have been widely 
used to understand the microbial gas generation in many sedimentary environments (Bainotti et al., 
1997; Glissman et al., 2004; Kotelnikova, 2002; Kotsyurbenko et al., 1993; Krüger et al., 2014; 
Laanbroek et al., 1983; Leadbetter et al., 1999; Meslé et al., 2013; Winter and Knoll, 1989). Only 
recently have studies been undertaken  specifically to explore the potential of coal as a CH4 
bioreactor (Green et al., 2008; Jones et al., 2010; Luca-Technologies, 2004; Papendick et al., 2011; 
Penner et al., 2010; Singh et al., 2012; Strąpoć et al., 2008). Biological CH4 production in coal is 
still poorly understood due to the heterogeneously complex physical and chemical structure of the 
coal and the limited number of studies focused on the identification of coal degrading microbial 
species (Faison, 1991; Fakoussa and Hofrichter, 1999; Strąpoć et al., 2011). Consequently, the 
mechanism through which the microbial consortium degrades the complex organic substrate into 
CH4 from coal remains unknown. In addition, the mechanism of anaerobic degradation of coal and 
the effect that coal type has on its behaviour as a substrate, also remain unclear.  Each CBM 
reservoir site has a unique community structure (Table 1). Understanding the microbial community 
structure and any relationships with CH4 production in coal may require the development of site-
specific coal bioreactors. 
At the time this thesis was developed, there had been few studies focused on investigating the 
effects of coal as a substrate for microbial methanogenesis (Fallgren et al., 2013a; Jones et al., 
2008). In addition,   the changes in microbial community structure in cultures of different coal 
substrates were still unknown. Achieving an understanding of the influence of coal type and rank on 
microbial gas generation is important, albeit challenging.  
Recently, Indonesian coal has been recognised as containing  enormous quantities of 
recoverable CBM, estimated at  about 6% of  total world CBM resources  (Flores, 2013).  
Indonesian CBM is expected to reduce the country’s dependency on oil, as well as contribute 
significantly as a source of energy that secures the country’s future energy needs.   Indonesian coal 
is Tertiary in age and  mainly   sub-bituminous in rank, therefore, the gas produced is thought to be 
primarily  biogenic in origin (Stevens and Hadiyanto, 2004).  Much of the low-rank coal of 
Indonesian is  composed of hydrogen-rich organic components (Davis et al., 2007)  that are thought  
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to make them excellent potential substrates for biogenic CH4 generation (Strąpoć et al., 2011). As 
such, they provide a good resource for gaining an understanding of the methanogenic processes 
active in coal seams. While there is work reported on methanogen enrichment from Indonesian 
lignite and Asem-Asem basin coal (Aditiawati et al., 2013; Fallgren et al., 2013b), to date there 
have been no reports of studies on the microbial methanogen screening and characterization of  
Indonesian CBM  reservoirs, or on work that has explored   the suitability of Indonesia coal for 
future natural gas regeneration. 
 
Table 1. Microbial consortia from selected coal basins worldwide 
Microbial functional 
group 
Powder River 
 the US 
(Green et al., 2008)  
Gippsland   
Australia 
(Midgley et al., 2010) 
Fernie  
Canada 
(Penner et al., 2010) 
Ordos  
China 
(Guo et al., 2012) 
Jharia 
 India  
(Singh et al., 2012) 
B
ac
te
ri
a
 Fermenter 
Syntropomonas  
Clostridium  
   Spirochaetes 
Clostridiaceae  
Geobacteraceae 
Enterobacteriaceae 
Sedimentibacter 
Bacteroidetes 
Spirochaetes 
Pseudomonas 
Brevundimonas  
Acinetobacter 
Hydrogenophaga 
Dechloromonas  
Azonexus  
Azospira  
Spirochaetes 
Syntroph 
Desulfomicrobium  
Acidaminobacter 
Desulfovibrionaceae 
Desulforomonaceae 
Sedimentibacter Desulfomicrobium  
A
rc
h
ae
a 
CO2 reduction Methanosarcina Methanobacterium 
Methanocalculus 
Methanoculleus 
Methanothemobacter 
Methanobacterium 
Methanobacterium 
Methanobacterium  
Methanothermobacter  
Methanolinea 
Acetoclastic Methanosarcina  
 
Methanosarcina Methanosaeta  
Methylotrophic   
 
  Methanolobus  
 
1.2. AIMS OF THE STUDY  
The overall goal of this project was to better understand the microbial methanogenesis 
processes in coal, as well as to investigate the unique characteristics of Indonesian coals and their 
capacity to act as CH4 bioreactors. To achieve the aims of the study, the thesis utilised geo-
microbiological and isotopic techniques, in combination with the knowledge of the geology and 
petrology of the coals. Using culture enrichment, together with molecular phylogenetic and isotopic 
composition analysis, the specific aims of this study were:  
1. To identify the origin of Indonesian CBM. 
This component of the study attempted to confirm the biogenic origins of Indonesian CBM. 
The work combined the results of analysis with data from the literature to set a basis for 
conducting the test program.  
2. To investigate the presence of active microbial methanogen consortia in Indonesia CBM 
produced water. 
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Based on the results of objective number 1, this component of the study tested the hypothesis 
that active microbial methanogens are present in Indonesian CBM reservoirs. In addition, the 
methanogenesis pathways and the capability of the consortia to biodegrade the coal, were also 
investigated. 
3. To investigate the bioavailability of selected Indonesian coal. 
This component tested the hypothesis that Indonesian coal is an excellent substrate for 
microbial methanogenesis. This involved an examination of coals of different rank and 
composition, relative to coals from other basins and ages.  
4. To examine the influence of different coal substrates on  the structure of the methanogen 
communities.  
Based on the results of objective number 2, this component attempted to test the hypothesis 
that different coal substrates influence the microbial community composition. This was 
undertaken by molecular phylogenetic analysis of cultures during different stages of growth.   
5. To evaluate the isotopic composition of the CH4 gas produced from culture enrichment.  
This component tested the hypothesis that CH4 produced from coal associated culture 
enrichment will reveal biogenic signatures, and that isotope carbon and hydrogen will help in 
the determination of the origin and pathways of microbial gas.  
6. To evaluate the potential of Indonesian coal for future natural gas regeneration. 
Based on the results of all objectives 1 to 5, this section undertakes the integration of all the 
results and provides a review of the potential of Indonesian coal to become CH4 bioreactor.  
1.3.   CHALLENGES TO THE STUDY 
There were logistical problems encountered in this study. Indonesian CBM had just begun to be 
explored.  Therefore at the time this study commenced, most of the CBM companies were in 
exploratory stages, with only a few companies having started their coring and pilot dewatering. As 
such limited production wells were available and accessible. As no coring samples were available to 
examine the microbial methanogen consortia attached to the coal itself (exploration cores in 
Indonesia are commonly treated with biocides for slow gas desorption testing), this study focused 
on CBM formation water as a source of inoculants. Access to formation water from production 
wells is also limited. Technical problems experienced by the companies, particularly problems with 
water pumps, caused delays and difficulties in water sampling. In addition, the water obtained from 
such sources is considered as quarantine material for testing in Australia. As a consequence, all 
laboratory work had to be conducted in a PC2 laboratory, for which accreditation had to be 
developed during the course of this project. There was limited access to the laboratory and research  
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equipment, as these facilities are managed under a different School at the University of Queensland. 
These and other challenges may have affected the outcomes of this study. Despite these limitations, 
the study was dedicated to answering all the research questions using the best resources available. 
1.4. THESIS OUTLINE  
The thesis is divided into seven chapters. Three chapters provide an introduction and 
background to the work, literature review, and integration of all findings. Four chapters are 
independent research articles which address the specific aims of the study. With this writing style, 
some repetition appears in the thesis, particularly in the introductions and methodology presented in 
the different papers.  An outline of the content of each chapter is given below.  
Chapter 1 is the introduction to the study. This chapter contains a general background, aims, 
and challenges of the study, together with information on thesis layout. Chapter 2 is a literature 
review of current knowledge related to the methanogenesis process in coal and its significance. 
Chapter 3 discusses Indonesian coal, CBM and its biogenic potential. This chapter is published in 
the Journal of Asian Earth Science (Susilawati et al., 2013) and addresses aim number 1. 
Preliminary work that supports hypothesis 1 is included in this chapter. Overall, this chapter is 
designed to provide background knowledge to the more detailed work presented in the ensuing 
chapters.   
Chapter 4 further develops the results of Chapter 3. As the preliminary work in Chapter 3 
confirmed the first hypothesis, a more detailed study was conducted to test the hypothesis that 
addresses thesis aims 2, 3 and 6. Chapter 4 presents the results of formation water screening and 
coal substrate bioavailability experiments, which are   published in Energy Procedia (Susilawati et 
al., 2015a) . The highlights in this chapter are the confirmation of the presence of active microbial 
methanogen consortia in Indonesia CBM wells, including microbial methanogen community 
characterization, and a discussion on  the biodegradability of Indonesian coal. 
Chapter 5 is based on the results of Chapter 4 and addresses aims 3 and 4. Detailed culture 
enrichment studies were conducted using one type of formation water that showed the greatest 
potential as an inoculant, together with three different rank coals as substrates. Microbial 
community changes during different stages of growth are examined. The content of this chapter is 
published as a research article in the International Journal of Coal Geology (Susilawati et al., 
2015b). The highlights of the findings are the identification of community changes that show an 
increase in methanogen relative abundance during growth, and the influence of coal substrate on 
microbial community composition.  
Chapter 1 - 7 
 
Chapter 6 examines the isotopic composition of methane produced from culture enrichments 
from experiments discussed in Chapters 4 and 5. The chapter and related research specifically 
addresses aim number 5. The results are compared with the current understanding relating to the 
isotopic composition of biogenic methane, as outlined in the literature. The highlight of the findings 
is the heavy isotope carbon contained in the gas produced, which falls outside the range of biogenic 
methane, suggesting substrate depletion and the possible positive extension of δ13C-CH4 values of 
acetoclastic methanogenesis  from those currently reported  in the literature. The research results 
reported in Chapter 6 will be compiled into a research publication for submission to the 
International Journal of Coal Geology (Susilawati et al., 2015c).   
The final chapter, Chapter 7, is a conclusion and synthesis of all the work undertaken to address 
aim number 6. This chapter evaluates the findings of the study and integrates them in reference to 
the overall hypotheses outlined for the study. The chapter also provides suggestions for further 
research to more fully understand the potential of Indonesian coal.   
 
 
 
 
 
Figure 1. Workflow chart of the thesis 
Chapter 3
(Paper 1)
•Preliminary work that showed  the potential of the project
•Setting the basis for conducting a further test program
Chapter 4
(Paper 2)
•Further development of  Chapter 3 (Paper 1). 
•Formation of water screening and coal bioavailability test
•Confirmation of the hypothesis that active microbial methanogens are present in Indonesia 
CBM reservoirs and that Indonsia coal is a good substrate for microbial methanogenesis  
Chapter 5
(Paper 3)
•Further work based on the results of  Chapter 4 (Paper 2)
• Investigation of the influence of different coal substrates into the methanogen community  
structure and CH4 production
Chapter 6
(Paper 4)
•Experiment conducted  in line with the  work  of  Chapters  4 and 5 (Papers 2 and 3)
•Testing of the hypothesis that CH4 produced from coal associated culture  will reveal biogenic 
signatures
•Testing of the hypothesis that isotope carbon and hydrogen are sensitive to the determination of 
the origin and pathways of microbial gas
Understanding the unique characteristics of 
Indonesian coals and their capacity to act 
as CH4 bioreactors. 
Preliminary Investigation of Biogenic Gas Production in Indonesian Low Rank 
Coals  and Implications for a Renewable Energy Source (Susilawati et al., 2013) 
Microbial Methane Potential for the South Sumatra Basin Coal: Formation 
Water Screening and Coal Substrate Bioavailability (Susilawati et al., 2015a) 
Temporal Changes in Microbial Community Composition During Culture  
Enrichment Experiments with Indonesian Coals  (Susilawati et al., 2015b) 
Stable Isotopic Composition of Gas Produced during Methanogen 
Culturing Experiments (Susilawati et al., 2015c) 
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LITERATURE REVIEW - BIOGENIC METHANE IN COAL  
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2.1.   INTRODUCTION 
Biogenic CBM is the ultimate end product of complex biochemical reactions by successive 
microbial consortia during the decomposition of organic matter under anoxic conditions and with 
limited electron acceptors (e.g. O2, NO3
─, Fe3+ and SO4
2─). Although biogenic CBM comes from a 
fossil fuel resource which is classified as non-renewable, it forms through natural processes and could 
be regenerated over in short time scale. As such, stimulated microbial methanogenesis from coal might 
also be considered as “renewable” energy resource. Because of its potential to be regenerated, biogenic 
CH4 has gained global interest for its potential as a new alternative source of energy to feed the world 
increasing energy demand. This chapter provides a literature review of current knowledge about coal 
formation in general as this control the potential substrate, biogenic CH4 formation, and its significance 
as a potential new energy resource that can be replenished using natural process.  
2.2.    COAL FORMATION 
Coal is a combustible sedimentary rock composed of at least 50% organic matter by weight, or 
70% by volume. Coal is formed from the accumulation of plant material that undergoes physical 
degradation, decomposition and chemical alteration to form peat. Coalification (Figures 1 and 2) is the 
progressive transformation of peat through lignite, sub-bituminous, bituminous and anthracite rank 
coal, in response to  increasing temperature and pressure during burial. Coalification continues 
throughout burial history involving chemical, physical and biological processes and is affected by 
several factors including compaction, biological activity and thermal kinetics  (Levine, 1993).  In 
general, the coalification process can be divided into two different phases (Levine, 1993):  (1) a 
biochemical phase – is the earlier stages of coalification (termed peatification) when microorganisms 
are actively involved and control the volumetric and compositional changes of plant organic material 
into peat, both aerobically or anaerobically (e.g. the microbial degradation of polysaccharide residues 
contained within the biomass to form humins and peat); and (2) a geochemical phase - when biogenic 
activity is no longer involved and the transformation of low-rank coal into higher maturity coal is 
controlled by  temperature and pressure. Geology, climate, depth of burial, and the time elapsed since 
deposition, control this metamorphic process, although   igneous intrusions or hydrothermal alteration 
can override the process (Levine, 1993).   
Coal properties can be related to three independent geological parameters - rank, type and 
grade. Coal rank reflects the degree of physicochemical thermal alteration of coal composition and 
structure occurring during coalification; coal type reflects different classes or categories  of coal 
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organic constituents, including the degree of degradation to which they were exposed before burial;  
coal grade represents the proportion of organic to inorganic materials (mineral matter) in coal (Taylor 
et al., 1998; Ward, 1984). These parameters are most commonly assessed by proximate analysis 
(moisture, ash yield, volatile matter and fixed carbon) and ultimate or elemental analysis (C, H, O, N, 
S) although the coal organic structure is more complex, consisting of complex aromatic and aliphatic 
hydrocarbons, as well as nitrogen, sulphur and oxygen-containing heterocyclic compounds (NSOs) 
(Figure 3). The aliphatic carbon content of coal generally decreases as the coal matures and becomes 
more aromatic (Strąpoć et al., 2011).  
 
 
 
Figure 1. Coalification stages and coal seam gas generation 
 Modified from Schimmelmann et al. (2006). 
 
The agglomeration of complex macromolecular structures of coal and their relative proportions, 
control the chemical characteristics or biodegradability of coal (Fakoussa and Hofrichter, 1999). 
Increasing thermal maturity or rank will increase the aromatic structures that are more resistant to 
microbial degradation (Fakoussa and Hofrichter, 1999; Strąpoć et al., 2011). meaning that the higher 
the maturity, the lower the rate of conversion of coal to CH4 can be expected   (Strąpoć et al., 2011). 
However, a positive correlation between coal maturity and CH4 production has also been observed 
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(Fallgren et al., 2013a), while the results of another  study has indicated  that there is no correlation 
between coal maturity and CH4 production (Wawrik et al., 2012). 
 
Figure 2. Changes in coal properties during coalification. Modified from Stach (1982)  
R = reflectance; ad = air dry; daf = dry ash free 
 
 
Figure 3.  Coal structure.  Modified from Vasireddy et al. (2011) 
Coal organic components, which can be seen microscopically, are called macerals, and are 
comparable to minerals in rocks (Table 1). Based on their petrographic appearance, coal macerals are 
classified into 3 groups: (i) vitrinite (huminite in low rank coal), (ii) liptinite and (iii) inertinite. The 
maceral group is further divided into sub-groups and then individual macerals (Table 1). Different 
macerals have distinct chemical properties, depending on the original plant or plant part, and their 
degree of decomposition and later thermal maturation (Taylor et al., 1998).  For example, liptinite 
group macerals are higher in aliphatic hydrocarbons than in vitrinite group macerals, and lowest in 
inertinite group macerals that are highest in carbon and oxygen functional groups. Other than coal 
  
Chapter 2-5 
 
maturity, the maceral composition of coal may potentially influence the coal biodegradation rate by 
methanogenic microorganisms (Strąpoć et al., 2011). In addition to macerals rich in hydrogen, those 
rich in heteroatoms (i.e., O,S,N) can be more prone to microbial degradation (Strapoc et al., 2011), as 
heteroatoms may stimulate coal depolymerization (Orem et al., 2010)  and may serve as activation sites 
for the biodegradation of coal (Sheremata, 2008).  
 
Table 1. Coal maceral classification  
Maceral 
Group 
Maceral 
Subgroup         
(ICCP 1998) 
Maceral              
(ICCP 1998) 
Maceral Subgroup         
(AS 2856.2 - 2000) 
Maceral                                       
(AS 2856.2 -2000) 
Vitrinite Telovitrinite Telinite  Telovitrinite Textinite * 
  Collotelinite   Texto-Ulminite * 
      Eu-Ulminite* 
      Telocollinite 
Detrovitrinite Vitrodetrinite  Detrovitrinite Attrinite * 
  Collodetrinite   Densinite * 
      Desmocollinnite 
Gelovitrinite Corpogelinite Gelovitrinite Corpogelinite 
  Gelinite    Porigelinite * 
      Eugelinite 
Liptinite   Sporinite   Sporinite 
  Cutinite   Cutinite 
  Resinite   Resinite 
  Liptodetrinite   Liptodetrinite 
  Alginite   Alginite 
  Suberinite   Suberinite 
  Fluorinite   Fluorinite 
  Exudatinite   Exudatinite 
  Bituminite   Bituminite 
    Fusinite Telo-Inertinite Fusinite 
    Semifusinite  Semifusinite 
Inertinite   Funginite   Funginite 
    Inertodetrinite Detro-Inertinite Inertodetrinite 
    Micrinite   Micrinite 
    Macrinite Gelo-Inertinite Macrinite 
    Secretinite   Secretinite 
* refers to brown coal (low rank) macerals, otherwise the vitrinite classification is for medium and high rank coal 
ICCP= International Committee for Coal and Organic Petrology; AS = Australian Standards 
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Coal is one of the richest sources of hydrocarbons. The organic matter in rocks considered to be 
the precursor of hydrocarbons is referred to as kerogen (Figure 4). Kerogens are typically classified as 
types I through to IV, based on the proportions of carbon, hydrogen, and oxygen (Krevelen, 1993; 
Tissot and Welte, 1978). Types I and II kerogens are hydrogen rich and are formed in marine or 
lacustrine environments; Type III kerogens are dominated by carbon-rich macerals (vitrinite) formed 
from humic lignin rich plant material; Type IV kerogens are dominated by carbon and oxygen rich 
charcoal or inertinite macerals. Most of the organic fraction of the coal belongs to kerogen type III, 
which is more gas prone then oil prone (Krevelen, 1993; Tissot and Welte, 1978). 
 
 
Figure 4. Van Krevelen type diagram showing the distribution of kerogen types and some of their precursor macerals in the 
relationship to their H/C and O/C atomic ratios.  Modified from Krevelen (1993); Tissot and Welte (1978) 
 
2.3.  COALBED GAS GENERATION 
 CBM generation is dependent not only on the character of the coal and its degree of thermal 
maturity, but also the hydrology and permeability of the geological system, which are also related to 
burial and uplift history (Figure 5). Primary biogenic CH4 is formed by microbial degradation of the 
abundant organic matter in peat and in the earliest stages of coalification at low rank (Rv < 0.6%) and 
low temperature (usually less than 56oC). This gas is very rarely retained and is usually lost prior to 
burial and coal formation, soon after peat deposition (Rice, 1993). As coal matures, different 
thermogenic gases are produced from coal organic matter by chemical degradation and thermal 
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cracking, mainly above 100oC. The production of thermogenic gas starts in the lower rank bituminous 
coals and peaks in the mid to low volatile rank coals (Rv > 0.6% – 1.2%).   
Secondary biogenic CH4 (Figure 5) can be generated from coal at any age but often gas 
generation is relatively recent (Faiz and Hendry, 2006; Rice, 1993; Scott et al., 1994). As coal is often  
a good groundwater aquifer due to its relatively high fracture permeability, the gas content and 
saturation of the coal is influenced by its hydrodynamic condition (meteoric recharge waters and the 
movement of connate waters from deeper in the formation). The water flow may introduce methanogen 
consortia during coal formation, possibly adding secondary biogenic CH4 to the pre-existing primary 
gas accumulation (Faiz and Hendry, 2006; Golding et al., 2013; Rice, 1993; Scott et al., 1994). The 
accumulation and retention of secondary biogenic gas is also controlled by geology, stratigraphy, 
deformation and erosion of the coal bed reservoirs and surrounding rock units (Ahmed and Smith, 
2001; Butland and Moore, 2008; Flores et al., 2008; Hamilton et al., 2012; Hamilton et al., 2015; Rice, 
1993).  
While  thermogenic gas generation is governed primarily by coal rank (thermal maturity) and 
depth (pressure), several factors control the generation of biogenic gas in coal, including the presence 
of viable methanogens, coal bioavailability, water quality and permeability (Burra et al., 2014; 
Hamilton et al., 2014; McIntosh et al., 2008; Papendick et al., 2011; Strąpoć et al., 2011). 
Understanding the gas origin can change the exploration strategy adopted (Burra et al., 2014; Flores et 
al., 2008; Hamilton et al., 2014, 2015). For example, successful exploration of a play where biogenic 
gas is prevalent, may depend on an understanding of geohydrology and would shift the focus to the 
basin margins where the organic matter is less mature, but the setting optimum for recharge and 
methanogenesis.  For a gas play dominated by thermogenic origin, the exploration would target the 
deeper more thermally mature sections of the basin.  
The wetness of the gas may be used as the first indicator of the gas origin, as microbial gas 
consists almost entirely of CH4, while thermogenic gas may also contain other heavier hydrocarbons 
(eg. ethane, propane or butane) (Golding et al., 2013). However, as migration, biodegradation and other 
secondary processes can preferentially remove the heavier hydrocarbon gases from the coal, a 
secondary indication of the gas origin is required.  Organic matter degradation by microbial activity in 
an anaerobic environment produces CH4 enriched in 
12C relative to CH4 produced thermogenically 
(Golding et al., 2013; Schoell, 1980; Whiticar, 1999), therefore carbon isotopic fractionation can be 
used to determine the origin of the gas.  
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Figure 5. A graphical representation of secondary biogenic CH4.generation in coal formation 
(model for Southern Sydney Basin).  Modified from Faiz and Hendry (2006) 
 
The Whiticar diagram has been widely used to determine the gas origin.  Figure 6 is an example 
of the application of Whiticar diagram to delineate the gas origin. Detailed  explanation and discussion  
of the data presented in the  figure, can be found in Golding et al. (2013).  Current understanding on 
isotopic boundaries for biogenic CH4 is  in the range of  ─110‰ to ─50‰ and ─400‰ to ─150‰ for 
δ13C-CH4 and δD-CH4 respectively (Conrad, 2005; Golding et al., 2013; Whiticar, 1999; Whiticar et al., 
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1986). However, some studies have also recorded  biogenic gas with δ13C-CH4 higher than ─50‰ 
(─47‰ to ─56‰) (Martini et al., 1998).   
 
 
 
Figure 6. Plot of  δ13C-CH4 and  δD-CH4 for coal bed and coal mine CH4 
from various basins on the Whiticar diagram.  Golding et al. (2013).  
 
Microbial CH4 is produced from only a few simple substrates such as acetate, H2+CO2, formate, 
methanol and methylated amines (Table 2). In coal formation, CH4 is produced primarily via 3 
methanogenic pathways, acetoclastic methanogenesis, hydrogenotrophic methanogenesis and, to a 
lesser extent, methylotrophic methanogenesis. The reactions in Table 3 fractionate the C in the 
substrate to different degrees (Figure 7).  The fractionation factors for a reaction A  → B, where A is 
the substrate and B  is the product, are expressed as α and ε notations and defined  according to  Hayes 
(1993) as follows: 
 
α A-B = (δ13 CA +103)/(δ13CB  +103)     (1) 
ɛ A-B = (1 – α A-B) x 103  ≈ 𝛥AB = δA - δB    (2) 
 
The fractionation factor of α can be used to distinguish the methanogenic pathway  (Conrad, 
2005; Golding et al., 2013; Schoell, 1983; Whiticar, 1999). The apparent fractionation factor is 
calculated from δ13C-CH4 and δ13C-CO2 using Eqn 1 as α CO2-CH4 = (δ13C- CO2 +103)/(δ13C-CH4 
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+103). Small fractionation factor α values (<1.055) are typical    of the prevalent  operation of 
acetoclastic methanogenesis,  whereas  high fractionation α values (<1.065) are indicative of the 
predominance   of hydrogenotrophic methanogenesis  (Whiticar et al., 1986). 
 
Table 2. Typical methanogenesis pathways in the CBM reservoir environment 
 
Pathways Reaction ∆G (kJ/mol) 
 
H2+CO2 
 
4H2 + CO2 → CH4 +2H2O 
 
-130 
Acetate CH3COOH → CH4 + CO2 -36 
Methanol 4CH3OH → 3 CH4 + CO2 + 2H2O -106 
Methylamine 4(CH3)3N + 6H2O  → 9CH4 + 3CO2 + 4NH3 -76 
Formate 4HCOOH → CH4 + 3CO2 + 2H2O -145 
 
 
 
 
Figure 7. Scheme of C flow and 13C-isotopic change in a methanogenic environment (Conrad, 2005) 
 
  
Biogenic CH4 produced from CO2 reduction is commonly δ13C depleted (~ ‒110‰ to ‒60‰) 
with a large ɛ fractionation factor relative to that produced from acetate  (~ ‒60‰ to ‒45‰) (Chanton 
et al., 2005; Conrad et al., 2011; Whiticar, 1999). The acetoclastic pathway is thought to produce δD-
CH4 in the range of ‒250‰ to ‒400‰ whereas CO2 reduction typically produces δD-CH4 between ‒
170‰ to ‒250‰. However, the above generalization may not always be correct and the boundary 
should not be strictly applied (Chanton et al., 2005; Chidthaisong et al., 2002; Waldron et al., 1998; 
Whiticar, 1999). In such conditions, e.g. when hydrogenotrophic methanogens have a high supply of 
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free energy, they may have a low fractionation factor similar to acetoclastic methanogens (Conrad, 
2005; Penning et al., 2005) or in closed system, CO2 derived microbial CH4 may also produce δ13C  
similar to those of thermogenic CH4. Similarly, naturally produced CH4 from microbial CO2 reduction 
can also have δ13C-CH4 that resemble thermogenic origin (>  ̶ 50‰) but with δ13C-CO2 of +22 (Martini 
et al., 1998; Martini et al., 2008). There are also conditions where δD-CH4 from the CO2 reduction 
pathway is indistinguishable from the acetoclastic pathway (Sugimoto and Wada, 1993; Waldron et al., 
1998). For better interpretation of both origin and pathways generation, it has been suggested to use  
multi-element isotope approaches (Golding et al., 2013). 
2.4.  METHANOGENS 
The organisms living on earth are broadly divided into three large domains: Bacteria, Archaea 
and Eukarya (Figure 8). Methanogens belong to the Archaea domain. Archaea are the only known 
microorganisms capable of forming CH4. They are strictly anaerobic (redox levels Eh <-200 mV) and 
produce CH4 as their terminal anaerobic metabolism. Based on 16S rRNA gene sequence analysis of 
distinctive phenotypic properties (cell envelope structure, lipid composition and substrate range) 
methanogens are currently classified into five orders: Methanobacteriales, Methanococcales, 
Methanomicrobiales, Methanosarcinales and Methanopyrales (Tables 3 and 4) (Garcia et al., 2006; 
Liu, 2010). A novel order methanogen Methanocellales was proposed recently and is currently 
represented by a single Methanocella paludicola strain SANAE (Sakai et al., 2008; Sakai et al., 2007). 
 
 
Figure 8. The three domains of life. Modified from Woese et al. (1990) 
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Table 3. Characteristics of Methanogen orders a 
 
 
Order Shape Substrate Cell wall 
Temperature 
range (oC) 
Distinctive lipid 
component 
Methanobacteriales 
Rods, cocci 
and rarely 
coccobacillus 
H2+CO2 
(formate, CO, 
methanol, 
secondary 
alcohol) 
Pseudomurein, 
protein 
15-97 
Caldarchaeol, myo-
inositol 
Methanococcales 
Irregular 
coccus 
H2+CO2, 
formate 
Protein 18-94 Serine 
Methanomicrobiales 
Small rod, 
plate, 
irregular 
coccus, 
curved rods 
H2+CO2, 
formate 
(Secondary 
alcohols) 
Protein, 
glycoprotein 
0-60 
Galactose, 
aminopentanetetrols, 
glycerol 
Methanosarcinales 
Irregular 
coccus, 
sometimes in 
aggregates, 
rod, and plat 
polygon 
Methanol, 
methylamine, 
acetate 
(H2+CO2) 
Protein, 
glycoprotein 
2-70 
Hydroxyarchaeol, 
myo-inositol, 
ethanolamine, 
glycerol 
Methanopyrales Rods H2 + CO2 Psedomurein 84-110 Galatose, mannose 
Substrates in parenthesis are utilized sometimes. aAdapted from Liu (2010) and Garcia et al. (2006) 
Table 4. Taxonomy of Methanogens (Liu, 2010) 
Order Family  Genus 
Methanobacteriales Methanobacteriaceae Methanobacterium 
  
Methnobrevibacter 
  
Methanosphaera 
 
  Methanothermobacter 
  Methanothermaceae Methanothermus 
Methanococcales Methanococcaceae Methanococcus 
 
  Methanothermococcus 
 
Methanocaldococcaceae Methanocaldococcus  
    Methanotorris 
Methanomicrobiales Methanomicrobiaceae Methanoculleus 
  
Methanofollis 
  
Methanogenium 
  
Methanolacinia 
  
Methanomicrobium 
 
  Methanoplanus 
 
Methanospirillaceae Methanospirillum 
 
Methanocorpusculaceae Methanocorpusculum 
 
  Methanocalculus 
 
Unclassified Candidatus methanoregula 
    Candidatus methanosphaerula 
Methanosarcinales Methanosarcinaceae Methanosarcina 
  
Methanococcoides  
  
Methanohalobium  
  
Methanohalophilus  
  
Methanolobus  
  
Methanomethylovorans  
  
Methanimicrococcusb  
 
  Methanosalsum 
 
Methanosaetaceae Methanosaeta 
  Methermicoccaceae  Methermicoccus 
Methanopyrales  Methanopyraceae  Methanopyrus  
Methanocellales Methanocellaceae Methanocella 
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2.5.   MICROBIAL METHANOGEN CONSORTIA 
As methanogens can only metabolize simple carbon compounds as their substrate, with a 
complex substance such as coal, methanogens need to work together with a consortium of different 
bacterial species to convert the complex organic material into CH4 (Faison, 1991; Fakoussa and 
Hofrichter, 1999; Strąpoć et al., 2011). Using molecular techniques, the multistage transformation of 
coal to CH4 in a geological basin is thought to involve hydrolytic, fermentative and acetogenic bacteria, 
and methanogenic archaea (Figure 9) (Doerfert et al., 2009; Green et al., 2008; Guo et al., 2012; Li et 
al., 2008; Midgley et al., 2010; Penner et al., 2010; Shimizu et al., 2007; Singh et al., 2012; Strąpoć et 
al., 2008). Coal to CH4 biodegradation processes begin with micromolecular fragmentation of coal via 
hydrolysis, this being  characterised by the release of soluble organic intermediates from the coal 
biopolymer which are metabolised by fermenters and syntrophic bacteria into compounds such as 
acetate, H2 and CO2 (Jones et al., 2010; Strąpoć et al., 2011). The terminal step of coal hydrolysis by 
microorganisms is methanogenesis, in which the acetate, H2 and CO2, and the methanol or 
methylamine, are transformed into CH4 by acetoclastic, hydrogenotrophic and methylotrophic 
methanogens, respectively (Table 2) (Strąpoć et al., 2011).  Bacterial species from the genus of 
Bacteroides, Geobacter, Clostridium, and Spirochaeta, are known geopolymer hydrolysers that have 
been detected in many biogenic CBM reservoirs worldwide, and are typically found associated with 
archaea belonging to the hydrogenotrophic methanogenic genera Methanobacterium, 
Methanocorpusculum and Methanolobus, and acetoclastic genera Methanosaeta and Methanosarcina 
(Doerfert et al., 2009; Ghosh et al., 2014; Green et al., 2008; Midgley et al., 2010; Penner et al., 2010; 
Singh et al., 2012; Strąpoć et al., 2008; Tang et al., 2012). Despite a significant quantity of research on 
microbial methanogenesis in coal formation, the microbial community composition and its role in coal 
biodegradation are still not well understood. 
Although broad similarities in the structure of the microbial consortia exist, each CBM reservoir 
site has a unique community structure that differs from other sites with respect to its major community 
members (Table 5). The physiochemical properties of the reservoir environment and the methanogen 
communities that are present in the reservoir define the dominant methanogen pathways that are active 
in the area (Strapoc et al., 2011). Methanosaeta and Methanosarcina are the only known archaeal 
genera from the order of Methanosarcinales that can utilize acetate. While Methanosaeta is the obligate 
acetoclastic methanogen, Methanosarcina are known as versatile methanogens that can utilize a range 
of substrates, including H2, methanol, and acetate (Table 3). Although the acetoclastic methanogenesis 
can only be performed by two methanogen genera, acetate fermentation is responsible for about two-
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thirds of CH4 production in freshwater and bioreactors (Whiticar et al., 1986; Zinder, 1993). While CO2 
reduction has been found to be dominant in the marine and subsurface environments (Whiticar et al., 
1986),  but recent investigations suggest  the  predominate of CO2 reduction pathway in coalbed 
environment which have freshwater environment (Golding et al., 2013). 
 
 
1) Hydrolytic bacteria; 2) Fermentative bacteria; 3) Syntrophic bacteria; 
4) Homoacetogenic bacteria; 5) Acetoclstic methanogens; 6) Hydrogenotrophic methanogens 
 
 
Figure 9. A simplified model of complex organic biodegradation. Modified from Zinder (1993). 
 
2.6.   FACTORS THAT AFFECT MICROBIAL CONVERSION OF COAL TO CH4 
Microbial conversion of coal to CH4 can be affected by numerous environmental factors. 
Temperature, pH, porosity and permeability, nutrient availability, the quality and quantity of organic 
matter, toxicity of trace metals and salinity concentrations, are factors that have been known to limit 
methanogenesis (Budwill, 2003; Burcu Ünal et al., 2012; Gilcrease and Shurr, 2007; Green et al., 2008; 
Jones et al., 2010; Papendick et al., 2011).  
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The known temperature range for methanogen activity is 4o to 100oC with the optimal 
temperature for most mesophilic methanogens (methanogens which are considered important in CBM 
reservoir environments) around 37oC. Studies have suggested that microbial methanogen community 
can be found in almost any relatively shallow coal bed at present day temperatures of less than 80oC 
(Strąpoć et al., 2011). In anoxic CBM reservoirs, methanogen activity relies on the collective function 
of other bacterial coal degraders. In  cases where certain temperatures inhibit the growth of those 
bacteria, it will also limit  methanogenesis, even if those temperatures are still in the range for 
methanogen activity (Hoehler et al., 2010). In low temperature settings, homoacetogens can 
outcompete methanogens (Kotsyurbenko et al., 2001).  Culture experiments have evaluated the effects 
of temperature on microbial CH4 production from coal (Budwill, 2003; Green et al., 2008). Culture 
growth was tested at various temperatures (20o to 60oC). The results showed that maximum CH4 
production rate increased with increasing temperature. Final CH4 yield was also greatest at high 
temperature (60o C). Increasing temperature is likely to increase the aqueous solubility of coal substrate 
which, in turn, increases the rate and extent of substrate mass transfer from the coal solids (Budwill, 
2003; Green et al., 2008).  
Environmental pH is another factor that can affect methanogenesis. Although  methanogenesis 
can occur  in environmental conditions with  a pH range of between 3 to 10  (Hoehler et al., 2010), 
most methanogens have optimum growth at  neutral pH.  Culture experiments using coal as the sole 
carbon substrate have showed the stimulation of CH4 production at low pH (5 to 7) (Green et al., 2008; 
Volkwein et al., 1994). Acidic pH may increase coal solubility and hydrolyse ester or ester bonds 
within the coal matrix, which  can potentially  enhance biogenic CH4 production (Faison, 1991).  
 Substrate competition is also a constraint for methanogen growth. In a high sulfate 
environment, for instance, sulfate reducing bacteria can successfully out-compete methanogens. The 
production of H2S in the presence of sulfate (0.1%) may also be inhibitory to methanogenesis 
(Cappenberg, 1975).  Whereas nutrients in the form of minerals, vitamins and trace elements at 
particular concentrations can stimulate the growth of methanogens (Green et al., 2008; Harris et al., 
2008; Jones et al., 2010; Ünal et al., 2012), toxic by-products from earlier  bacterial metabolism in  coal 
degradation have been observed  to limit methanogenesis (Jones et al., 2010). Methanogens are able to 
grow in environments with salinities ranging from fresh to halite-saturated (>5 M NaCl) although 
higher salinity has also been found to inhibit methanogenic activity (Budwill, 2006; Papendick et al., 
2011). It has been suggested that methanogenesis activity is maximized when cultured in a medium 
close to the native chloride concentration of the formation water (Papendick et al., 2011).  
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Methanogen consortia are inherently aquatic, thus for microbial uptake substrates need to be 
dissolved in an aqueous solution (Green et al, 2008). The mass transfer process in coal involves the 
dissolution of the substrates at the coal–water interface, followed by diffusion through the aqueous 
phase to the degrading microbes. Access of the microbes to the coal is complicated. As the diameter of 
most coal micropores (<0.15  µm) is too small for microbial cells (0.2 µm), some of the internal surface 
area of the coal is not accessible to microorganisms and  microbial access is mostly limited to the cleat 
surfaces of the coal (Faison, 1992; Scott, 1999; Gilcrease and Shurr, 2007; Strapoc et al, 2008). The 
solid–liquid mass transfer rate will be highest when the microbial concentration is high and/or the solid 
surface area is low. Overall, the rate and quantity of CH4 generated from coal may depend on the 
exposed surface area and the insolubility and impermeability of coal represents a major constraint to 
the generation of CH4 (Green et al., 2008; Huang et al., 2013; Jones et al., 2010; Papendick et al., 
2011). Pre-treatment of the coal with potassium permanganate can increase  biosolubilization of the 
coal by up to 5.5% of the total carbon in the coal (Huang et al., 2013). 
2.7.  GLOBAL BIOGENIC CBM POTENTIAL  
The potential of biogenic CBM has been assessed in many coal basins worldwide, using both 
coal and formation water as sources of inocula. Culture-based enrichment studies, combined with 
molecular and geochemical analysis, are the most widely used techniques for assessing microbial 
methanogenesis in coal environments. Studies have reported that real-time microbial methanogenesis is 
occurring in several coal basins (Table 5), including in Australia, China, Canada, India and the US 
(Green et al., 2008; Guo et al., 2012; Midgley et al., 2010; Penner et al., 2010; Singh et al., 2012). 
Laboratory studies have demonstrated ways to enhance the production of microbial CH4 in coal 
associated cultures, either by biostimulation by adding key nutrients and chemicals, or by 
bioaugmentation with foreign microbial consortium (Fallgren et al., 2013b; Furmann et al., 2013; 
Ghosh et al., 2014; Guo et al., 2014; Harris et al., 2008; Huang et al., 2013; Jones et al., 2010; Luca-
Technologies, 2004; Wawrik et al., 2012).   
In general, studies on microbial methanogenesis in coal associated environments have 
suggested the potential of coal as a CH4 bioreactor. Considering the abundance of untapped coal 
resources, and the existence of methanogenic consortia living within them, there is significant potential 
for producing renewable biogenic CH4 from coal. If culture laboratory conditions can be successfully 
extrapolated to the field, significant new CH4 reserves could be generated by adopting this approach 
(Green et al., 2008; Papendick et al., 2011; Scott, 1999). MECoM can  potentially increase a gas 
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reservoir lifetime and productivity (Luca-Technologies, 2004; Scott, 1999). The application of 
MECoM is most likely to be site specific and dependent on the geology, geochemistry and 
microbiology of the site involved, which highlights the need for assessing the potential of individual 
sites (Hamilton et al, 2015). Several studies have underlined the influence of different coal types and 
ranking for  CH4  production (Beckmann et al., 2011; Fallgren et al., 2013a; Furmann et al., 2013), but 
others have found no relationship (Wawrik et al., 2012; Xiao et al., 2013).  Hamilton et al. (2015) 
established a stepwise basin analysis approach to assist in identifying sweet spot areas for developing 
coal as a bioreactor. It has been suggested that biogenic CBM exploration should focus on coal seams 
close to basin margins, where their organic matter is less mature and larger fractures may facilitate 
increased gas producibility (Gao et al., 2014; Martini et al., 2008). Geochemical studies on gas and 
formation water have revealed the influence of groundwater flow paths and   residence time on the 
formation of secondary biogenic CH4 at basin scale (Bates et al., 2011; McIntosh et al., 2008). Despite 
many laboratory works proving the potential of MECoM, at the time this study commenced the 
successful application of that technology in the field has not been proven. In addition, the 
understanding of in situ factors that can enhance or limit the growth of microbial methanogen 
consortia, as well as understanding the potential of coal as a substrate, remains unclear. Therefore, an 
integrated multidiscipline approach involving microbiology, chemical engineering, geochemical and 
geological studies, will definitely increase the current understanding of biogenic CH4 formation in coal, 
which would further assist in the exploitation of coal as a CH4 bioreactor. 
. 
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Table 5. Microbial methanogen consortia composition and coal bioavailability in several world coal basins 
 
 
      Vm= viable methanogen; Vcm = Viable coal to CH4 consortia; D= detected; ND= not detected; NA= not available; NR= not reported 
Coal Basin 
Bacteria Methanogen Archaea  
Vm/ 
CH4 
yield 
Vcm/ 
CH4 yield 
(µ mol g-1 
coal) 
References 
Fermenter Syntrophs Hydrogenotrophic Acetoclastic Methylotrophic Versatile 
Gippsland  
Australia 
(sub-
bituminous) 
Clostridaceae 
Geobacteraceae 
Enterobacteriaceae 
Desulfovibrionaceae 
Desulforomonaceae 
Methanobacterium    
D 
42000 
ppm 
week-1 
ND (Midgley et al., 2010) 
Gulf of 
Mexico USA 
(sub-
bituminous) 
Bacteroides  
Geobacter 
Pelotomaculum 
Desulfovibrio 
Methanomicrobiales Methanosaeta  Methanosarcina 
D 
NR 
D 
60  
(Jones et al., 2010) 
Powder River  
USA (sub-
bituminous) 
Syntropomonas 
Clostridium 
Spirochaetes 
Desulfomicrobium 
Acidaminobacter 
 Methanosarcina Methanosarcina  
D 
NR 
D 
21 
(Green et al., 2008) 
Illinois  USA 
(bituminous) 
Bacteroidetes  
Spaerochaeta 
Sporomusa 
Flavobacterium Methanocorpusculum 
   
D 
NR 
D 
NR 
(Strąpoć et al., 2008) 
Ordos China  
(bituminous 
coal) 
Brevundimonas, 
Acinetobacter, 
Hydrogenophaga 
Desulfomicrobium Methanobacterium Methanosaeta Methanolobus Methanosarcina NR 
 
NR 
(Guo et al., 2012) 
Fernie 
Canada 
 (lignite –
bituminous) 
Sedimentibacter 
Bacteroidetes 
Spirochaetes  
Pseudomonas Sedimentibacter 
Methanocalculus 
Methanoculleus 
Methanothemobacter 
Methanobacterium   
Methanosarcina 
D 
600 µnol 
culture-1 
D 
67 
(Penner et al., 2010) 
Jharia India  
(bituminous) 
Dechloromonas,  
Azonexus,  
Azospira,  
Spirochaetes   Geobacter 
Methanobacterium 
Methanothermobacter 
Methanolinea 
   
D 
70 
D 
100 
(Singh et al., 2012) 
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CHAPTER 3 
( Paper 1 ) 
PRELIMINARY INVESTIGATION OF BIOGENIC GAS 
PRODUCTION IN INDONESIAN LOW RANK COALS AND 
IMPLICATIONS FOR A RENEWABLE ENERGY SOURCE 
 
Chapter 3 discusses Indonesian CBM and its biogenic potential. This chapter is published in 
the Journal of Asian Earth Science (Susilawati et al., 2013) and addresses aim number 1. The 
chapter presented preliminary work that support hypothesis 1 and showed the potential of the 
project. This chapter is setting the basis for conducting a further test program. Highlights of the 
work in this chapter are the  confirmation that Indonesian CBM resources are in part of biogenic 
origin and the indication for the presence of microbial consortia with the ability to convert coal into 
CH4 in Indonesia CBM reservoirs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The beginning of knowledge is the discovery of something we do not understand (Frank Herbert) 
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CHAPTER 4 
(Paper 2) 
MICROBIAL METHANE POTENTIAL FOR THE SOUTH 
SUMATRA BASIN COAL : FORMATION WATER 
SCREENING AND COAL SUBSTRATE 
BIOAVAILABILITY 
 
Chapter 4 (Paper 2) further develops the results of chapter 3. As the preliminary work in 
chapter 3 confirmed the first hypothesis, a more detailed study was conducted to test the hypothesis 
that addresses thesis aims 2, 3 and 6. SSB was targeted for the experiments conducted in this 
chapter as this  basin has good accessibility for gas, water and coal sampling that is required to 
assess the biogenic CH4 potential of Indonesia coal. This chapter presents the results of formation 
water screening and coal substrate bioavailability experiments in SSB. The paper was  presented in 
the 3rd Conference and Exhibition of Indonesia – New, Renewable Energy and Energy Conservation 
in Jakarta, Indonesia, and  is published in Energy Procedia (Susilawati et al., 2015). The highlights 
in this chapter are the confirmation of the presence of active microbial methanogen consortia in 
Indonesia CBM wells, including microbial methanogen community characterization, and a 
discussion on  the biodegradability of SSB coal.  Supporting CH4 production and molecular 
analysis data for this chapter are available in the appendices to this thesis (Appendix D1-D6).  
 
 
 
 
 
 
 
 
 
 
The true method of knowledge is experiment (Willian Blake) 
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CHAPTER 5 
(PAPER 3) 
TEMPORAL CHANGES IN MICROBIAL COMMUNITY 
COMPOSITION DURING CULTURE ENRICHMENT 
EXPERIMENTS WITH INDONESIAN COALS  
 
Chapter 5 (Paper 3) is based on the results of chapter 4 and addresses thesis aims 3 and 4. Detailed 
culture enrichment studies were conducted using SSB5 water that showed the greatest potential as an 
inoculant, together with three differently ranked coals as substrates. Microbial community changes during 
different stages of growth are examined. The content of this chapter is published as a research article in the 
International Journal of Coal Geology (Susilawati et al., 2015). The highlights of the findings are, the 
identification of community changes that show an increase in methanogen relative abundance during 
growth, and the influence of coal substrate on microbial community composition. Supporting CH4 production 
data for this chapter are available in the appendices to this thesis (Appendix D7). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
No two things have been combined better than knowledge and patience (Prophet Muhammad) 
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CHAPTER 6 
(Paper 4) 
STABLE ISOTOPIC COMPOSITION OF GAS PRODUCED DURING  
METHANOGEN CULTURING EXPERIMENTS  
 
 
Chapter 6 (Paper 4) examines the isotopic composition of CH4 produced from the culture enrichment 
experiments discussed in Chapters 4 and 5. This  chapter and the related research specifically addresses 
research objective number 5, which tests the hypothesis that methane produced from coal associated culture 
enrichment will reveal its biogenic signatures, and that carbon and hydrogen isotopes are sensitive to  the 
origin and pathways of microbial gas. The results presented are compared with the current understanding 
relating to the isotopic composition of biogenic methane, as outlined in the literature. The highlight of the 
findings is that the 
13
C-enriched carbon contained in the gas produced,  falls outside the range of biogenic 
methane, suggesting substrate depletion and possibly argues for the positive extension of δ13C-CH4 values 
considered descriptive of acetoclastic methanogenesis in the literature. The research results will be compiled 
into a research publication for submission to the International Journal of Coal Geology.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Knowledge is that which benefits, not that which is memorized (Imam As shafii) 
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ABSTRACT 
Carbon and hydrogen isotope compositions of CH4 generated via methanogenesis in cultures of South 
Sumatra Basin (SSB) coalbed methane (CBM) formation waters grown on coal, acetate and H2+CO2, were 
investigated. CH4 production and molecular analysis confirmed the presence of both hydrogenotrophic and 
acetoclastic methanogens, with acetoclastic methanogens being more dominant than hydrogenotrophic 
methanogens. Methanosaeta, Methanosarcina and Methanobacterium are the most prevalent archaeal 
methanogens present in SSB cultures. Methanogenesis by these microbial communities produced CH4 with 
different isotopic ratios and fractionation factors. Overall, δ13C-CH4 values   50  to   20   of     cultures 
mostly fell outside the range presently considered to indicate  biogenic origin. However, the corresponding 
apparent carbon isotope α factor  αc = 1.02±0.006) and isotopic effect  εc=   20.1 ±15.3) values showed that 
CH4 in SSB cultures was predominantly produced by acetoclastic methanogenesis, which is consistent with 
the molecular analysis results. The calculated contribution of CO2 reduction from δ
13
C value was overall less 
than <50%, indicating the high contribution of the acetoclastic pathway to CH4 production in the SSB 
cultures. In contrast, the δD of H2+CO2 and acetate derived CH4 were relatively similar, suggesting that the 
δD measurement may not provide a reliable basis for distinguishing the methanogenic pathway in this study. 
The high δ13C-CH4 values (>   30   and the dominance of Methanosaeta over Methanosarcina indicate that 
methanogens within the SSB cultures are operating at low substrate concentrations. An unusually enriched 
δ13C-CH4 suggests a substrate depletion effect which is thought to be related to a decrease in the relative 
abundance of key bacterial coal degraders with formation water inoculum storage time. Closer observation of 
δ13C-CH4 values during the growth of cultures within a single experiment also showed a 
13
C-enrichment 
trend. At log phase, the CH4 produced was isotopically lighter when compared to the stationary phase, and 
this   also indicates substrate depletion effects over time. Collectively, the results of this study suggest a 
positive extension of δ13C-CH4 values of acetoclastic methanogenesis from those  curently available in the 
literature.  
 
Keywords : Biogenic gas, coal, culture experiment, isotopic composition  
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1. INTRODUCTION 
Archaeal methanogens are the only known microorganisms capable of forming CH4. These 
strictly anaerobic microbes are restricted to utilizing simple compounds that contain no more than 
two carbon atoms. As such, complex organic compounds in anoxic environment (e.g., marine 
sediments, rice paddies, subsurface shales and coalbeds) are degraded by associations of microbes 
consisting of hydrolytic, fermentative and acetogenic bacteria and methanogenic archaea (Schink, 
2006;  trąpoć et al., 2011; Winter and Knoll, 1989; Zinder, 1993 . This association is often termed 
methanogenic consortia. Methanogenesis is the final step in the decomposition of organic matter by 
methanogenic consortia. Because of their vital ecological role in the  earth’s carbon cycling, 
methanogens have gained attention in the literature, particularly in the environmental and bioenergy 
areas (Conrad et al., 2011; Demirel and Scherer, 2008; Milkov, 2011; Miller, 2005; Wawrik et al., 
2012).  
Methanogen substrates, in general, can be grouped into competitive and non-competitive 
substrates. The first category relates to substrates that are also utilized by other groups of microbes. 
These substrates include acetate, formate and H2+CO2. Depending on the environment, bacteria can 
successfully out-compete methanogens for competitive substrates (e.g., sulfur reducing bacteria in a 
sulfate-rich zone) (Whiticar, 1999). Non-competitive substrates are substrates that are available for 
methanogens but less attractive to other microbes (Whiticar, 1999). Included in this group are 
methanol and methylated amines. When utilizing substrates to produce CH4, methanogens mainly 
use two primary pathways, acetate fermentation (Equation  1/ (1)) and CO2 reduction (Equation  2/ 
(2))   trąpoć et al., 2011; Whiticar, 1999; Zinder, 1993). Studies have documented that CO2 
reduction is a dominant pathway in the marine environment, while acetate fermentation is the major 
pathway in freshwater environments (Schoell, 1980; Whiticar et al., 1986). However,  in coal bed 
environments, it has been recognized that the CO2 reduction pathway predominates, even when the 
waters are quite fresh (Golding et al., 2013). 
 
CH3COOH  →   CO2 + CH4     (1) 
CO2 + 4H2 → 2H2O + CH4   (2)    
 
Stable isotopes are a valuable tool for the identification of CH4 gas origin and generation 
pathways. The method has been used to evaluate CH4 dynamics both in ecosystems and laboratory 
engineered systems.  Organic matter degradation by microbial activity in an anoxic environment 
produces CH4 depleted in 
13
C relative to CH4 produced thermogenically (Faiz and Hendry, 2006; 
Golding et al., 2013; Whiticar, 1999). Microbes preferentially utilize the lighter isotope of C (
12
C) 
that has lower bond energies, and therefore biogenically derived CH4 is generally isotopically light. 
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Isotope fractionation is maximized under conditions where the methanogenic substrate is in 
abundant supply, and depends on several factors including temperature, microbial growth phase, the 
hydrogen supply, the methanogen species, and the methanogenic pathways involved (Botz et al., 
1996; Conrad, 2005; Penning et al., 2005). Isotopic fractionation of biogenic CH4 may increase 
throughout the culture exponential growth phase before stabilizing during the stationary phase 
(Valentine et al., 2004).  
The current understanding of the isotopic composition of  biogenic CH4 is in the range of   
110  to   50  and   400  to   150 , for δ13C-CH4 and δD-CH4, respectively (Conrad, 2005; 
Golding et al., 2013; Whiticar, 1999; Whiticar et al., 1986). In addition, CH4 produced from 
H2+CO2 is typically 
13
C-depleted relative to that produced from acetate (Chanton et al., 2005; 
Conrad et al., 2011; Whiticar, 1999). Hydrogenotrophic methanogenesis derived CH4 has δ
13
C-CH4 
between   110  and   60 , while acetoclastic methanogenesis produced CH4 has δ
13
C between   
60  and   45  (Conrad et al., 2011; Whiticar, 1999). Small fractionation factor of α values 
(<1.055) are typical  of the prevalent  operation of acetoclastic methanogenesis, whereas higher α 
values (<1.065) are indicative of hydrogenotrophic methanogenesis (Whiticar et al., 1986). While 
these  general ranges appear to be correct in most cases, the strict interpretation of CH4 carbon 
isotopic data is  not warranted (Chanton et al., 2005; Chidthaisong et al., 2002; Waldron et al., 
1998; Whiticar, 1999). For example, although high α values are typical  of hydrogenotrophic 
methanogens, in an environment with a high supply of free energy, hydrogenotrophic 
methanogenesis may also cause a low α value (Conrad, 2005; Penning et al., 2005). As such, 
various multi-element isotope approaches can be useful to help identify and evaluate the many 
processes leading to biogenic CH4 production (Golding et al., 2013).   
The relative contribution of the  two pathways  ƒ value   is important for quantifying their 
influence on the isotopic signature of the CH4 produced  (Conrad, 2005; Conrad et al., 2002; Fey et 
al., 2004; Goevert and Conrad, 2009). When the fractionation factor and isotopic signatures of the 
substrate are known, the contribution of each of the pathways can be determined from the isotopic 
composition of the CH4 produced  (Conrad, 2005).  The relative contribution of CO2 derived CH4 
 ƒmc) is considered important in modeling organic matter degradation, as it allows the quantification 
of the flow of carbon and electrons from organic matter toward CH4 (Conrad et al., 2002; Conrad et 
al., 2011; Fey et al., 2004).  
There are more than 80 species of archaea with  the ability to accomplish methanogenesis 
(Liu and Whitman, 2008). Almost every methanogenic taxon can perform methanogenesis via the 
CO2 reduction pathway (Liu and Whitman, 2008).  However, only Methanosarcina and 
Methanosaeta  genus  from  the  orde r of  Methanosarcinales  are  known  to be able to perform the  
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acetoclastic reaction. While Methanosaeta spp  are an obligate acetoclastic methanogen, 
Methanosarcina is identified as a metabolic  generalist, that has the ability to use alternative energy 
sources, including H2+CO2 and methanol (Kendall and Boone, 2006). There is a difference in the 
carbon isotope composition of gas produced from cultures of Methanosarcina spp and  
Methanosaeta spp,  due to differences in their catabolic pathways (Gelwicks et al., 1994; Krzycki et 
al., 1987; Penning et al., 2006). Methanosaeta that are capable of growth in low acetate 
environments (minimum 7-70 µM) typically have a smaller carbon isotope fractionation factor 
when compared with  Methanosarcina that have a minimum acetate threshold of 0.2-1.2 mM (Jetten 
et al., 1992).  
A knowledge of the isotopic composition of biogenic CH4 produced from coal associated 
cultures is helpful in providing an understanding of the methanogenesis process in coal measures, 
and may assist in developing techniques for stimulating methanogenesis in this environment. Stable 
isotope methods allow an alternative estimation on the predominant methanogenic pathway. 
Compared to molecular biological techniques that are time consuming and costly, stable isotope 
analysis of the produced CH4 and CO2 is cheaper and relatively easy to perform, and possibly more 
practical for process monitoring on an  industrial scale. Isotope fractionation during methanogenesis 
has previously been investigated in laboratory samples using isolated microbes (Londry et al., 2008; 
Penger et al., 2012; Penning et al., 2006) and incubation experiments using environmental samples 
(Chidthaisong et al., 2002; Fey et al., 2004; Galand et al., 2010; Valentine et al., 2004). Many of the 
isotopic studies on biogenic CBM reported  in the literature used environmental samples and were  
conducted without having information on the methanogenic microbial community involved (Flores 
et al., 2008; Hamilton et al., 2014; Kinnon et al., 2010;  trąpoć et al., 2007 . To date, only a few 
studies have observed methanogenesis in cultures associated with coals and combined isotope 
geochemistry and microbial community analysis (Beckmann et al., 2011; Krüger et al., 2008).  
  A series of experiments were conducted to examine the stable isotope composition of CH4 
and CO2 during methanogenesis in culture experiments utilizing coal. Using stable isotopic analysis 
and knowledge of the microbial community involved,  the aim of the study was  to examine whether 
the isotopic compositions of CH4 produced from coal associated cultures exhibit biogenic signatures 
that are indicative for the defined methanogenesis pathway.  
2. MATERIALS AND METHODS  
2.1. Experimental Overview 
This study involved three experiments as shown in Table 1. Water and coal samples used in 
the  study were the same as those used in Susilawati et al. (2015a); Susilawati et al. (2015b), where 
details of water and coal sampling, as well as coal bed water chemistry, are described.  Culturing 
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experiments were conducted using the South Sumatra Basin (SSB) formation water as an inoculum 
and various carbon substrates  (coal, acetate, H2+CO2) (Table 1). 
Table 1. Experimental overview 
Time 
Inoculum      
(SSB formation water) Substrate Growth phase 
Experiment 1       
2012a (late May – early June) SSB1, SSB4, SSB5 (1mo fw) Suban, Burung Stationary  
2012b  (July) SSB1, SSB3, SSB4, SSB5 (1mo c) Suban, Burung Stationary  
2013 (January) SSB5 (8mo fw) 
Burung, Suban, Mangus, 
Petai and Wara 
Stationary  
Experiment 2       
2012b (July) SSB3, SSB4, SSB5 (1mo c) Acetate, H2+CO2 Stationary  
Experiment 3       
2013 (January) SSB5 (8mo fw) 
Burung SB, Mangus SB, 
Mangus A 
Middle log, late 
log, stationary  
mo = months old,; fw = formation water;  c = culture; SB = Sub bituminous; A = Anthracite 
 
Experiment 1 determined the isotopic composition of CH4 produced from SSB coal treated 
cultures. This experiment was primarily designed as a screening for viable methanogen and coal to 
CH4 activity in 5 SSB formation waters (see Susilawati et al. (2015a). Isotopic data and molecular 
analysis data are only available for three formation waters. Experiment 1 consisted of 3 sub-
experiments, 2012a, 2012b and 2013. For each sub-experiment, culture headspace gas isotope 
analysis was performed at the stationary growth phase. The 2012a experiment was conducted in late 
May - early June 2012. The SBB formation waters used for inoculation in this experiment had been 
in storage for one month. The 2012b experiment was conducted in July 2012. Coal treated cultures 
in this experiment were inoculated from 2012a maintenance cultures. The 2013 experiment was 
carried out in January 2013. Cultures in this experiment were inoculated using 8 month old 
formation water from well SSB5 (Table 1). In addition to assaying for viable methanogens and 
coal-to-CH4 activity, Experiment 2 aimed to test which of the methanogenic pathways were active. 
Samples were cultured on acetate and H2+CO2, as the predominant carbon source. The culture 
headspace gas isotope analysis was also performed at the stationary growth phase. Experiment 3 
aimed to monitor the stable isotopic composition of culture headspace gas during different stages of 
microbial methanogen growth. The experiment was undertaken along with community change 
observations (Susilawati et al., 2015b). For this experiment, three sets of coal cultures were 
inoculated with 8 months old SSB5 water, and isotope analysis was performed on  day 6 (early log), 
day 10 (middle log), day 17 (late log/peak production) and day 20 (stationary phase).   
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2.2. Culturing Experiments 
- Basal media were made anaerobically and added to 26 mL Bellco glass tubes containing 
0.25 g of coal and 9 mL of media and sealed with butyl rubber stoppers. To test which 
methanogenic pathways were active (experiment 2), cultures were grown on organic substrates; 
acetate (sodium acetate trihydrate at 36.7 mM) for acetoclastic methanogens, and H2+CO2 (80:20 at 
300kPa) for hydrogenotrophic methanogens. Inside an anaerobic chamber and using a sterile 21-
gauge syringe needle, three mL of formation water was transferred into each culture set as the 
inoculum. All cultures were incubated at 37
o
C without agitation. 37
o
C was chosen as an incubation 
temperature for two reasons.  It is quite closed to reservoir temperatures of all SSB water used in 
this study (32
o
C to 39
o
C). It is also an optimal growth temperature for most mesophilic 
methanogens (methanogens which are considered important in CBM reservoir environments). Each 
set of cultures was prepared in triplicate, except for cultures that were prepared for observation of 
the changes in isotopic and community composition during growth. For the latter purpose, cultures 
were prepared in 8 replicates and one tube was terminated at different stages of growth, from which 
gas and 5 mL of cultures were taken and prepared for isotope and molecular analysis, respectively 
(see Susilawati et al. (2015a); Susilawati et al. (2015b).  
2.3. Analysis of Microbial Community  
Molecular analysis was performed at the Australian Centre for Ecogenomics, University of 
Queensland, Australia. DNA from selected samples was extracted using a modified 
phenol:chloroform:isoamyl alcohol method, as described in Suzuki et al. (2001). The 16S rRNA 
gene was PCR amplified using the universal primers 926F and 1392R under the reaction conditions 
described in Mondav and Woodcroft et al. (2014). Amplicons were sequenced on the Roche 454 
GS-FLX Titanium platform. The resulting sequence reads were demultiplexed, and chimeric 
sequences removed using the UCHIME software (Edgar et al., 2011), while homopolymer errors 
were corrected using Acacia (Bragg et al., 2012). Using QIIME scripts, sequences were clustered 
into operational taxonomic units (OTUs) at a 97% cut-off. A representative sequence was then 
randomly selected within each cluster that is then given a taxonomic affiliation by performing a 
BLAST search against the Greengenes 16S rRNA gene database (DeSantis et al., 2006). The results 
in the form of the abundance of different OTUs and their taxonomic assignments in each sample 
were  tabulated and normalized to match the sample with the lowest number of sequences. This was 
done to avoid misleading statistical comparisons and to prevent the bias of uneven sampling effort 
(a higher number of low-abundance OTUs will be recovered by chance with increasing sequencing 
effort).  
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2.4. Analysis of Stable Isotopes of Formation Water, Coal, Acetate Stock, Produced 
CH4 and CO2 
All isotope analysis in this study was conducted in the Stable Isotope Geochemistry 
Laboratory (SIGL) at the University of Queensland, Australia. Isotope values are given in the per 
mil notation relative to the V-PDB standard (Pee Dee Belemnite carbonate) and V-SMOW standard 
(Vienna Standard Mean Ocean Water) for carbon, and oxygen and hydrogen isotopes, respectively.  
For water isotope analysis (Table 2), formation water samples were collected in 30 mL glass 
bottles using a syringe and 0.45µm filter paper. The bottle was first flushed three times using 
filtered formation water, then filled until no gas bubbles existed and then immediately capped. 
Water samples were then stored on ice and sent to the University of Queensland for analysis. 
In the laboratory, samples were stored in a refrigerator until analysis. Water isotopes were 
analyzed using an Isoprime Dual Inlet Mass Spectrometer with a Multiprep (DI-IRMS). Online 
equilibration with Hokko beads and carbon dioxide in the Multiprep was conducted before the 
analysis of δD and δ18O compositions, respectively. The reproducibility of the analysis for δD 
compositions is ±2.0  and for δ18O compositions is ±0.1  at one standard deviation. Details 
of  the water isotope analysis procedure can be found in Kinnon et al. (2010).  Carbon isotope 
measurements of coals and acetate stock (sodium acetate trihydrate) (Table 3) were made on 
homogenized samples. About 50-200 µg of powdered coal or acetate was packed into thin 
capsules and combusted in excess oxygen at 1080°C using an elemental analyzer (EA). After 
combustion in the EA the product gasses were carried via capillary in a stream of He to the 
mass spectrometer for stable isotope analysis. The 
13
C/
12
C isotope ratio of the CO2 from a 
sample was compared with the corresponding ratio of a reference. The reproducibility of the 
analysis was in the range of 0.1 to 0.2  at one standard deviation.   
Throughout the period of incubation, culture headspace CH4 concentration was measured every 
10-13 days for 2012a and 2012b experiments (screening test) and every 2-3 days for 2013 
experiment (stable isotopic and community changes) using a Varian 9700 gas chromatograph (GC). 
For stable isotope analysis, culture headspace gas samples were taken from selected tubes and 
transferred to 2 mL evacuated Labco vials before being injected into a gas chromatography-
combustion-isotope ratio mass spectrometer (GC-c-IRMS). Details on the analysis procedure can be 
found in Hamilton et al. (2014). For δ13C-CH4, triplicates of 50-300 μl of each headspace gas 
sample were injected into the GC using a 10:1 split, whereas for δD-CH4  each sample (50-300 µl) 
was analyzed in quintuplicate using the same split, with the first two injections being disregarded 
and the last three averaged. Pure CH4 gas and a CH4:CO2 (50:50) gas mixture were used as 
standards to calibrate the system. The reproducibility for δ13C was ± 0.1  and for δD was ± 3  at 
one standard deviation. 
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Table 2. Stable isotope compositions of formation water samples used as inocula in the study 
 
 
 
 
 
Table 3. Bulk δ13Corg values for coal and acetate substrates used in the study 
 Organic matter substrate δ13CVPDB‰ 
Coal Burung   28.25 
 Mangus A   27.83 
 Mangus SB   28.53 
 Suban   27.73 
 Petai   28.10 
Acetate 
stock powder  Sodium acetate trihydrate   38.50 
    
 
3. RESULTS  
3.1.  CH4 Production and Methanogenic Substrate Screening 
The enrichment cultures showed increasing CH4 production over time with both 
hydrogenotrophic and acetoclastic pathways active (see Susilawati et al. (2015a); Susilawati et al. 
(2015b)). Overall CH4 production from substrate tubes (coal, acetate, H2+CO2) was higher than 
from the no-coal/no substrate control tubes (Tables 4 and 5). Abiotic inoculated killing control 
tubes (using 2-bromoethanesulfonic acid/BESA) run for all coal used in this study produced little 
CH4, suggesting that gas produced from the coal treated tubes without BESA has biogenic in origin 
and not from abiotic degassing of adsorbed CH4 in the substrate coal.   Except for cultures treated 
with H2+CO2, N2 was used as the headspace gas in coal and acetate treated cultures. Therefore, coal 
and acetate, along with organic carbon carried over in the inoculum fluid, are the predominant 
sources of carbon in cultures treated with coal and acetate. 
For Experiment 1, cultures inoculated with one month old formation water (2012a) produced 
the highest CH4 yields (max 157 µmol g
-1
 of coal), followed by cultures inoculated with 
maintenance cultures (2012b) (max 105 µmol g
-1
 of coal ) and finally, cultures inoculated with 8 
month old formation water (max 41 µmol g
-1
 of coal ) (Table 4 and 6). The CH4 production levels 
from acetate treated cultures were higher than CH4 production levels with H2+CO2 (Table 5). 
 
 
 
Water sample δ18OVSMOW‰ δDVSMOW‰ 
SSB1   7.9   50 
SSB3   7.2   48 
SSB4   7.8   51 
SSB5   8.0   51 
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Table 4. Stable isotope compositions for Experiment 1: 
SSB cultures at stationary phase using coal as the major source of carbon 
 
  
Inoculum 
Major 
source of 
carbon 
(coal) 
Total 
CH4 
yield 
Control 
CH4 
yield 
Net  
CH4 
yield  
δ13C-CH4 δD-CH4 δ
13-CO2 αc εc 
δ13C-ac 
(by mass 
balance) 
εma (by 
mass 
balance)   
A1 SSB1 Burung 133 48 85 -48.1 -359 -34.4 1.014 -13.7 -41.3 -6.9 
2 SSB4 Burung 253 115 138 -36 -368 -1 1.036 -35 na na 
3 SSB4 Suban 152 81 71 -36 -364 -1 1.036 -35 na na 
4 SSB5 Burung 179 70 109 -48.2 -356 -29.2 1.02 -19 -38.7 -9.5 
5 SSB5 Suban 239 82 157 -50.3 -348 18 1.072 -68.3 na na 
B6 SSB1 Suban 140 35 105 -22.2 na -6.8 1.016 -15.4 -14.5 -7.7 
7 SSB1 Burung 108 76 32 -29.3 -359 -7.5 1.022 -21.8 -18.4 -10.9 
8 SSB3 Burung 69 19 50 -30 na -2.5 1.028 -27.5 -16.3 -13.8 
9 SSB4 Burung 231 139 92 -27 -374 -2.5 1.025 -24.5 -14.8 -12.3 
10 SSB5 Burung 70 10 60 -30 -346 -8 1.023 -22 -19 -11 
C11 SSB5 Burung 96 55 41 -23.3 na -1.3 1.023 -22 -12.3 -11 
12 SSB5 Mangus SB 85 55 30 -23 -354 -2.7 1.021 -20.3 -12.9 -10.2 
13 SSB5 Mangus A 67 55 12 -23 -383 -2 1.022 -21 -12.5 -10.5 
14 SSB5 Suban 56 32 24 -20.5 na -1.6 1.019 -18.9 -11 -9.5 
15 SSB5 Petai 40 32 8 -20.9 na -3.4 1.018 -17.5 -12.2 -8.8 
    Average       -31.2±10.4 -361±11.5 -5.7±12.2 1.026±0.01 -25.5±13.3 -18.5±9.1 -10.2±1.8 
Net CH4 yield (µmol g
-1 of coal)   =  total CH4 yield – control yield (value is maximum yield from triplicates tubes).The apparent fractionation  αapp 
and εapp  is calculated from the ratio of δ 
13C-CO2 to δ
13C-CH4  (Eqn 3 and 4). δ
13C-acetate calculated by mass balance assuming that acetoclastic 
methanogenesis is dominant. na= not applicable since the apparent fractionation factor indicated the dominance of hydrogenotrophic methanogenesis. 
Isotopic values expressed as per mill    notation. A=2012a , B=2012b, C=2013. 
 
 
Table 5. Stable isotope compositions for Experiment 2: 
SSB cultures at stationary phase using H2+CO2 and acetate as major sources of carbon 
 
No 
Formation 
water 
(inoculum) 
Major 
source 
of 
carbon  
Total 
CH4 
yie;d 
Control 
CH4 
yie;d  
Net 
CH4 
yield  
δ13C-
CH4 
δD-
CH4 
δ13-CO2 αc εc 
δ13C-ac 
(by 
mass 
balance) 
εma 
(by 
mass 
balance 
1 SSB4 H2+CO2  318 27 291 -30.4 -361 9.4 1.04 -39.8 na na 
2 SSB5 H2+CO2  90 17 73 -38.4 -492 na na na na na 
3 SSB3 Acetate 531 16 515 -48.4 na -31.3 1.02 -17.1 -39.85 -8.55 
4 SSB4 Acetate 381 13 368 -48.1 -359 -34.4 1.01 -13.7 -41.25 -6.85 
5 SSB5 Acetate 1039 17 1022 -48.3 -246 -33.6 1.02 -14.7 -40.95 -7.35 
Net CH4 yield (µmol tube 
-1) = total CH4 yield – control yield (value is maximum yield from triplicates tubes). 
The apparent fractionation (αc and εc  is calculated from the ratio of δ 
13C-CO2 to δ
13C-CH4  (Eqn 3 and 4) 
δ13C-acetate calculated by mass balance assuming that acetoclastic methanogenesis is dominant. na= not applicable since the 
apparent fractionation factor indicated the dominance of hydrogenotrophic methanogenesis. Isotopic values expressed as per 
mill    notation. 
 
Table 6. Stable isotope compositions for Experiment 3: 
SSB5 cultures at 3 different growth phase using 3 different coals as major source of carbon 
 
Primary source 
of carbon (coal)  
Total 
CH4 
Control 
CH4 
Net 
CH4 
δ13C-
CH4 
δD-CH4 δ
13-CO2 αc εc 
δ13C-ac 
(by mass 
balance)  
εma 
(by mass 
balance)  
Burung  L 58 27 31 -29.30 -398 -1.5 1.03 -27.80 -15.40 -13.90 
Burung  P 96 52 44 -22.10 -368 -1.5 1.02 -20.60 -11.80 -10.30 
Burung  S 85 51 34 -23.30 na -1.3 1.02 -22.00 -12.30 -11.00 
Mangus SB  L 48 27 21 -34.90 -399 -3.8 1.03 -31.10 -19.30 -15.60 
Mangus SB  P 76 52 24 -22.80 -330 -2.1 1.02 -20.70 -12.50 -10.30 
Mangus SB  S 70 51 19 -23.00 -354 -2.7 1.02 -20.30 -12.90 -10.20 
Mangus A  L 42 27 15 -24.80 -379 -2.1 1.02 -22.70 -13.50 -11.40 
Mangus A  P 73 52 21 -23.50 na -2.1 1.02 -21.40 -12.80 -10.70 
Mangus A  S 60 51 9 -23.00 -383 -2.6 1.02 -20.40 -12.80 -10.20 
Average       -25.2±4 -373±23 -2.2±0.7 1.022±0.01 -23.0±3.6 -13.7±2.2 -11.5±1.8 
SB= sub bituminous; A= anthracite; L= middle log phase (day 10); P= late log phase (day 17); na = not available. 
S=stationary phase (day 20). Net CH4 yield (µmol g 
 1 of coal) = total CH4 yield – control yield 
(value is yield from terminated tubes that were selected for molecular and isotopic analysis). 
The apparent fractionation  αc and εc  is calculated from the ratio of δ
13C-CO2 to δ
13C-CH4  (Eqn 3 and 4). 
δ13C-acetate calculated by mass balance assuming that acetoclastic methanogenesis is dominant 
    Isotopic values expressed as per mill    notation. 
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3.2.  Microbial Methanogen Consortia 
Molecular analysis confirmed the presence of both acetoclastic and hydrogenotrophic 
methanogens in the cultures of SSB formation water (Susilawati et al., 2015a) (Figure 1). Overall, 
SSB formation waters contained diverse bacterial and archaeal communities that were able to 
generate CH4 using different substrates including coal, acetate and H2+CO2. The bacterial core taxa 
mainly consisted of Proteobacteria, Firmicutes, Spirochaetes and Bacteroidetes, while the archaeal 
communities consisted of three methanogen orders: Methanosarcinales, Methanobacteriales and 
Methanomicrobiales (Susilawati et al., 2015a and 2015b). At the genera level, Methanosarcina and 
Methanosaeta were the most prevalent archaeal methanogens in the SSB water, followed by 
Methanobacterium and Methanoregula. Changes in microbial community composition during 
growth were also observed. Bacterial relative abundance decreased over time, while methanogen 
relative abundance increased (Susilawati et al., 2015b). In almost all samples observed, community 
profiling based on relative abundance of operational taxonomy unit (OTU) revealed the dominance 
of acetoclastic methanogens over the hydrogenotrophic methanogens (Figure 1 and 2). 
 
 
Figure 1. Microbial diversity in  SSB enrichment cultures: a) Bacterial and methanogen diversity in SSB1, SSB4, SSB5 
water cultures using Suban coal as a substrate; b) Bacterial and methanogen diversity in SSB5 cultures using acetate 
and H2CO2 as substrates. Only taxa with sequence reads > 1% of the total microbial population are included in these 
profiles. Samples were taken from Experiment 1 2012b. 
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Figure 2. Changes during growth of SSB5 culture as an inoculum and 3 SSB coals as the substrate. From day 10 to 17 
(lag to log phase , culture headspace δ
13
C-CH4
4
 values increased, whereas from day 17 to 20 (stationary phase), the 
values tended to be stagnant. In contrast, culture headspace δ
13
C-CO2
2
 values remained relatively stable across the time 
periods observed. 
 
3.3. Carbon Isotopes 
The stable isotope composition of the inocula (formation waters) and coal substrates are 
listed in Tables 2 and 3. Tables 4, 5 and 6 show the results of Experiments 1, 2 and 3, respectively. 
The five coals used in this study have quite similar bulk carbon isotope signatures      27.73 to   
28.53) (Table 2). As such, even though different coal were used as substrate, it was  assumed that 
all coal has  the same initial bulk carbon isotopic composition which would therefore  not affect 
isotopic comparisons between samples. Isotope analysis showed that most coal treated cultures 
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(Experiment 1) produced CH4 enriched in 
13C with δ13C-CH4 values in the range of   50  to   22 , 
and δ13C-CO2 values in the range of   34  to   1 . There is a trend of increasing δ
13
C-CH4 values 
from Experiment 2012a (inoculated with one month old inoculum) to Experiment 2012c (inoculated 
with 8 month old inoculum) (Table 4). Across the first set of experiments (2012a, 2012b, and 
2012c), all but one set of cultures (sample 5 in the 2012a experiment  had negative δ13C-CO2 values 
(Table 4, Figure 3). In Experiment 2, acetate treated cultures produced more depleted δ13C-CH4 and 
δ13C-CO2 values in comparison to H2+CO2 treated cultures (Table 5). 
The results of Experiment 3 (a single temporal experiment) show the changes in the carbon 
isotope composition of gas produced during growth in three series of cultures inoculated with one 
inoculum and three different coal substrates. CH4 production in these cultures started on day 6 and 
concluded on day 20. Initially, the isotopic composition of the gas produced was observed in 4 
different phases (early log, middle log, late log and stationary). However, due to a very low 
concentration of CH4 in the early log phase, the  isotopic observation was carried out on gas 
produced from the middle log, late log (peak production) and stationary phases. Overall, the δ13C 
values of cultures in Experiment 3 are quite similar (Table 6). The three cultures show a similar 
pattern in their δ13C-CH4 values over the course of the experiment. From day 10 to day 17, culture 
headspace δ13C-CH4 values increased, whereas from day 17 to day 20 the values tended to be 
stagnant  Figure 3 . On the other hand, δ13C-CO2 values of the  headspace gasses  remained 
relatively stable over the observation time-frame  (Figure 2). 
The fractionation factor has been known as indicative for methanogenic pathways. The 
fractionation factors for a reaction A  →   where A is substrate and    is product, are expressed as 
α and ε notations and defined  according to  Hayes (1993): 
α A-B =  δ
13 
CA +10
3 / δ13CB  +10
3
)     (3) 
ɛ A-B = (1 – α A-B) x 10
3  ≈     = δA    δ     (4) 
 
The fractionation factors and the isotopic effect of the  gas produced in the  culturing 
experiments were  calculated from the isotope composition of the total CH4 that had  accumulated 
since the beginning of the incubation, regardless of whether it had  been produced from acetate 
fermentation or CO2 reduction. The apparent carbon fractionation factor  αc  and isotopic effect  εc) 
were calculated from the ratio of δ13C-CO2 to δ
13
C-CH4 according to Equations 3 and 4, which are 
αc =  δ
13
C-CO2 + 10
3 /  δ13C-CH4 + 10
3  and εc =  δ
 13
C-CO2     δ
13
C-CH4).  
For Experiment 1, the 2012a experiment has relatively high αc  1.036 ± 0.02  and εc    31.8 ± 
24.7) values compared to 2012b  αc = 1.023 ± 0.005, εc =   22.2 ± 4.5  and 2013  αc = 1.020 ± 
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0.003, εc =   20.7 ± 2.3  experiments  Table 4 . For methanogenic pathway screening (experiment 
2), the isotopic fractionations associated with hydrogenotrophic methanogenesis were determined 
for only one sample of H2+CO2 treated culture. The value clearly showed  typical fractionation 
factors of hydrogenotrophic methanogenesis  αc = 1.041 and εc =   39.8  . On the other hand, CH4 
produced from acetate treated cultures has αc = 1.017 ± 0.005 and εc =   15.2  ± 1.75, which is also 
typical for acetoclastic methanogenesis.  
 
 
 
Figure 3. Plot of coal treated culture δ13C-CH4 against δ
13
C-CO2 
 
Another approach was tried for the determination of  the fractionation factor associated with 
acetoclastic methanogenesis (ɛma) in the  experiment. Since there was no measure of  δ
13
C of  
acetate produced from the  culturing experiment, while the  microbial community analysis indicated 
the dominance of acetoclastic methanogenesis, following Waldron et al. (1998),  δ13Cacetate by 
mass balance was used  as an indicator  of carbon isotopic values of the precursor substrate for 
acetoclastic methanogenesis.  As acetate is cleaved to form CH4 and CO2, if CH4 production is 
dominated by acetoclastic methanogenesis, the  δ13C-CH4 and δ
13
C-CO2 will generally approximate 
the δ13C of the acetate-methyl group and the δ13C of the acetate-carboxyl group,  respectively 
(Waldron et al., 1998). As such, the carbon isotopic composition of acetate (δ13Cacetate) and ɛma can 
be estimated by mass balance using the data of δ13C-CH4 and δ
13
C-CO2. Assuming the mass 
balance δ13Cacetate values to be representative of the δ13C of the substrate, the average 
fractionation factor of CH4 produced by acetoclastic methanogenesis (ɛma) in our experiments at 
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stationary phase is   10.2  ± 1.8 (Tables 4 and 6),  which is similar to ɛma =   10.2 that was 
observed for acetate metabolism by Methanosaeta conciili  (Penning et al., 2006). Since 
Methanosaeta is the most prevalent acetoclastic methanogen in SSB cultures, this similarity 
confirmed the validity of the approach adopted in this study.  
3.4. Hydrogen Isotopes 
Although different kinds of formation water inoculum were used in this study, their 
hydrogen and oxygen isotopic compositions were relatively similar (Table 2). In addition, although 
there was no analysis of the isotope composition of the miliQ water used as media in the 
experiment, the water was obtained from the same purifying water machine that operates at a 
constant temperature. As such, it was assumed that all the experiments had similar media δD-H2O 
values and that any differences were not significant enough to influence the comparison of δD 
among cultures. The δD-CH4 values of coal treated cultures, regardless of differences in carbon α 
factor, are similar and fall in the range of   348  to   383  (Tables 4 and 5, Figure 4 ). No trend 
was observed in δD-CH4 values of cultures from different kinds of inoculum and coal organic 
precursors (Table 4). In the methanogenic pathway experiment (Experiment 2), acetate treated 
cultures produced more enriched δD-CH4 values compared to H2+CO2 treated cultures (Table 5).  
For Experiment 3, for technical reasons, the δD-CH4 values of coal treated cultures are not 
available for every growth phase; therefore the temporal changes in δD-CH4 values during growth 
could not be observed. The δD-CH4 values of cultures in Experiment 3 fell in the range of     330  
to    399 . The plot of those values against δ13C-CH4 fell in the field of acetoclastic 
methanogenesis (Figure 4). The results are consistent with the carbon fractionation factor and 
microbial community analysis that also showed the dominance of acetoclastic methanogenesis 
(Table 6, Figure 2).  
4.      DISCUSSION  
4.1.   Gas Isotopic Composition of SSB cultures  
In this study, as various  formation water that were used as an inoculum and the five coals 
that were used as predominant carbon substrates have similar isotopic composition within them 
(Table 3 and 4), it was assumed that neither the formation water nor the coal substrate significantly 
influenced the differences in CH4 isotopic composition among the culture tubes. It was also 
assumed that all experiments had similar media δD-H2O values and that any differences were not 
large enough to influence the comparison of δD among cultures. This study used time as the main 
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parameter to compare the isotopic compositions of produced gasses during the course of the 
experiments.   
Culture enrichment and molecular analysis confirmed the microbial origin of the gas 
produced in the culture tubes where acetoclastic methanogenesis dominated the system. However, 
the majority of δ13C-CH4  values of the cultures observed are isotopically heavy and out of the range 
that is currently considered to indicate a biogenic origin (Figure 4). Acetoclastic methanogenesis 
can produce 
13
C-enriched CH4 that may appear thermogenic in origin (Valentine et al., 2004). Past 
studies have documented δ13C-CH4 values as high as   30  for acetoclastic methanogenesis 
(Penning et al., 2006; Petsch et al., 2007; Vavilin et al., 2008). In this study, however, some of the 
δ13C-CH4 values are even more 
13
C-enriched than the δ13C-CH4 values for acetoclastic 
methanogenesis previously reported in the literature. There are two possible explanations for the 
unusually 
13
C-enriched CH4 values observed in the  cultures related to this study:  substrate 
depletion effects (Whiticar, 1999) or microbial CH4 oxidation that may result from methanogens 
that are operating in reverse (Chanton et al., 2005).  
It should be noted that the word substrate in ―substrate depletion‖ terminology used in this 
study refers to the simple carbon substrates required for methanogen to grow. This should be 
distinguished from coal as a microbial methanogen consortia substrate. As previously mentioned, 
methanogens can only utilize simple carbon compounds (e.g., acetate, H2+CO2, methanol etc). In an 
anoxic culture web chain, bacterial coal degraders work together with methanogens in converting 
coal to CH4. Coal to CH4 biodegradation processes begin with micromolecular fragmentation of 
coal via the hydrolysis process, which is characterized by the release of soluble organic 
intermediates from coal biopolymers, followed by the degradation of soluble intermediates into 
methanogenic substrates and finally methanogenesis  Jones et al., 2010;  trąpoć et al., 2011 . This 
process depends on the collaborative action of different microbial groups, including primary 
fermenting bacteria, specialized acidogenic and acetogenic bacteria (syntrophs) and methanogens, 
as the terminal position in this food chain  Fakoussa and Hofrichter, 1999;  chink, 1997;  trąpoć et 
al., 2011; Winter and Knoll, 1989).   
Conrad et al. (2011) noted that the 
13
C content of microbial gas is controlled by the 
13
C 
content of the growth substrate, the degree of substrate utilization (growth rate), the relative flux of 
carbon through various parts of the biochemical network, and the isotopic fractionation imposed by 
the enzymes of that network. In a closed system, such as a laboratory cultivation, substrate 
depletion may lead to 
13
C-enriched values. This occurs as the continued preferential consumption of 
the isotopically lighter molecules during methanogenesis leaves a residual pool of heavier isotope 
carbon in the remaining substrate (Conrad et al., 2011; Londry et al., 2008; Valentine et al., 2004). 
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In natural samples, substrate depletion effects have been postulated to have occurred where the 
δ13C-CH4 of biogenic CH4 showed a thermogenic signature but molecular compositions and carbon 
and hydrogen isotope fractionations indicated a biogenic origin (Golding et al., 2013; Hamilton et 
al., 2014).  
 
 
Figure 4. Plot of coal treated culture δ 13C-CH4 against δD-CH4. The pathway boundaries and theoretical shifts in δ
13
C-
CH4  and δD-CH4 as a result of isotope variations in original organic matter and through secondary effects (substrate 
depletion and CH4 oxidation) are adopted from Whiticar (1999) 
 
 
The increasing trend of δ13C-CH4 values of  gas produced from the 2012a to 2013 
experiments that coincides with a decreasing trend of CH4 production yield (Figure 5) may indicate 
that  the SSB cultures experienced substrate depletion. The 2012a experiment was inoculated using 
one month old formation water, while the 2013 experiment was inoculated using 8 month old 
formation water. It is  postulated   that the initial  methanogen communities in the 8 months old 
inoculum were already operating at a low substrate concentration. In this case, it is likely that a key 
bacterial coal degrader decreased in relative abundance with formation water storage time, which, 
in turn, decreased the availability of simple substrates for methanogenesis (Susilawati et al., 2015b). 
It appears that substrate limitation decreased  isotopic fractionation during methanogenesis in SSB 
cultures, resulting  in the unusually high δ13C-CH4 values found in the experiments. An earlier  
study  noted that the δ13C of microbial CH4 in a system that experiences extensive methanogen 
substrate depletion can approach those of  the original bulk organic matter or can be greater if the 
mass balance is not maintained (Whiticar, 1999). Compared to the 2012a and 2012b results, the 
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2013 tubes mostly had  δ13C-CH4 values in the range of   20  to   25 , which is more enriched 
than the δ13C-CH4 values of the original bulk coal organic matter (  27  to   28 ).  The 2012b 
experiment was inoculated with maintenance culture from the 2012a experiment in a steady state 
condition. The gross CH4 yields of the 2012a and 2012b experiments were comparable, but the 
δ13C-CH4 of 2012b  was  more enriched in 
13
C than 2012a (Table 4). As such, rather than substrate 
depletion, an increase in δ13C-CH4 from the 2012a to the 2012b experiment may have been  due to 
an increase in the proportion of CH4 from acetoclastic methanogenesis. As Methanosaeta was the 
most abundant archaeal family in     cultures  Figure 3 , it is also possible  that the  δ13C-CH4 
values from acetoclastic methanogenesis by Methanosaeta are higher than the values currently 
reported in the literature.  
 
 
 
 
Figure 5.  CH4 production and δ
13
C-CH4 of coal treated cultures showing  an increasing trend of δ
13
C-CH4 values from 
2012a to 2013, concomitant with a decreasing trend of CH4 production 
 
All cultures in Experiment 3 showed typical stages of microbial growth. These stages 
include a lag phase before growth occurs, an exponential phase in which cell growth is  unrestrained  
and metabolic products appear in an exponential mode, a stationary phase when cell metabolism 
continues but the population comes to steady state, and finally a death phase when cells die and 
metabolism ceases (Valentine et al., 2004). Coal treated cultures in Experiment 3 were also 
inoculated with 8 month old formation water. The CH4 yield from Experiment 3 was lower than 
CH4 produced from the 2012a Experiment 1. Overall, the δ
13
C-CH4 values of cultures in 
Experiment 3 were in the range of   31  to   20   Table 6 . Both CH4 production rates and δ
13
C-
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CH4 values support the hypothesis that methanogens in 8 months old formation water are already 
operating under substrate limitation. Moreover, an increase in δ13C-CH4 from day 10 (log phase) to 
day 17 (stationary phase) in Experiment 3, before the values became   stagnant (Figure 2), also 
suggests a substrate depletion effect (Fey et al., 2004; Goevert and Conrad, 2009; Londry et al., 
2008; Whiticar, 1999). It is interesting to note that the stepped δ13C-CH4 profile from the log phase 
to stationary phase was accompanied by a decrease in bacterial relative abundance that further 
supports the postulated substrate depletion effect (Figure 3). As previously mentioned, the decrease 
in the number of bacterial coal degraders during growth may affect the availability of the substrate 
for methanogenesis.  The dominance of Methanosaeta over Methanosarcina in all the coal treated 
culture experiments also supports the hypothesis that SSB cultures were operating at low substrate 
concentration. Methanosaeta can out compete Methanosarcina in a low substrate environment, as 
they are more prone to low acetate concentration (Penning et al., 2006; Valentine et al., 2004). In 
contrast, Methanosarcina were dominant in acetate treated cultures where acetate substrates were 
present at high concentration (Figure 1).   
Other than substrate depletion, another possible explanation for the heavier δ13C-CH4 values 
observed in biogenic gas is bacterial oxidation of CH4. It has been reported that anaerobic microbial 
CH4 oxidation results in more positive  δD-CH4 and δ
13
C-CH4 values, due to preferential uptake of 
the lighter isotopes 
12
C and 
1
H  by methanotrophs (Chanton et al., 2005; Coleman et al., 1981; 
Whiticar, 1999).  In this study, the molecular analysis did not detect the presence of CH4 oxidizing 
archaea and the cultures had  very depleted δD-CH4. These conditions eliminate microbial oxidation 
as a cause for the enriched isotope carbon values observed in the  samples. However, an earlier  
study has shown that several Methanoarchaea (Methanobacterium thermoautotrophicum, 
Methanosarcina barkeri and Methanosarcina Acetivorans) can perform trace CH4 oxidation under 
diverse growth conditions (Moran et al., 2005). The  operation of the CO2 reduction pathway in the 
reverse direction has also been postulated for anaerobic CH4-oxidizing archaea in CH4 seep and 
vent sites (Alperin and Hoehler, 2009). In addition, two groups of putative anaerobic CH4-oxidizing 
archaea (ANME-1 and ANME-2) are phylogenetically very closely related to Methanosaeta 
(Penning et al., 2006; Smith and Ingram-Smith, 2007), which is one of the most prevalent 
methanogens in this study. A recent study has reported the presence of the CO2 reduction gene in 
Methanosaeta (Zhu et al., 2012). Taken together, these factors increase the possibility that 
Methanosaeta, Methanobacterium and Methanosarcina present in SSB cultures may have oxidized 
CH4, although the conditions under which this would occur remain unknown.  
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4.2. Gas Origin and Pathways from Apparent Isotopic Composition 
Through methanogenic pathway screening (Experiment 2) and microbial community 
analysis, the results of the experiment confirmed that CH4 produced in SSB cultures is produced 
primarily by two different pathways, the reduction of CO2 and acetate fermentation. The results 
show that while δ13C-CH4 alone failed to estimate the gas origin and methanogenesis pathway, the 
corresponding αc and the εc values gave  a more accurate estimation of the pathway. A clear 
example can be seen from the results of Experiment 2 (methanogenic pathway screening). It was 
expected that the isotopic composition of both H2+CO2 and acetate treated cultures would 
exclusively represent the isotopic signatures of CH4 produced by CO2 reduction and acetoclastic 
reactions, respectively. Based on current knowledge it was expected   that CH4 produced from 
H2+CO2 is 
13
C-depleted relative to that from acetate (Table 5); however, this did not apply in the 
case of this experiment. Cultures grown on H2+CO2 produced quite 
13
C-enriched CH4, even more 
enriched than cultures grown on acetate (Table 5). However, the H2+CO2 treated culture produced 
αc =1.041 and  εc =   39.8  that are typical of hydrogenotrophic methanogenesis. These values are 
similar to previously reported values for mesophilic methanogens cultured under high H2 
concentration, e.g., Methanosarcina barkeri  α = 1.045 (Krzycki et al., 1987) and  
Methanobacterium formicicum  α = 1.046 to 1.055  (Balabane et al., 1987). As previously noted,  
Methanosarcina and Methanobacterium are two archaeal methanogens present in SSB cultures that 
are capable of  hydrogenotrophic methanogenesis.  imilarly, the αma  average 1.017 ± 0.006  and 
εma  15.2  ± 1.75  values of acetate treated cultures clearly indicate acetoclastic methanogenesis. 
This result is also consistent with  molecular analysis that showed the dominance of 
Methanosarcina in acetate treated cultures  Figure 1 .  The α values of 1.02 has been  reported for 
acetoclastic methanogenesis by Methanosarcina (Krzycki et al., 1987).  
The  αc and εc values are also more consistent in the determination of  methanogenic pathways 
in all coal treated cultures.  In Experiment 1, the 2012a average αc values = 1.036 ± 0.02, while the 
average αc values of 2012b and 2013 experiments were  1.023 ± 0.005 and 1.020 ± 0.003, 
respectively. Experiment 3 also had  average αc values = 1.022 ± 0.004. Overall the αc values in the  
experiments clearly indicated the dominance of acetoclastic methanogenesis, which is consistent 
with the molecular analysis that showed the dominance of acetoclastic over hydrogenotrophic 
methanogens (Figures 1 and 3). These values are also in agreement with α values for acetoclastic 
methanogenesis in both environmental samples  α < 1.05  and pure cultures  1.007 to 1.027)  
reported in the literature (Conrad et al., 2011; Whiticar et al., 1986). It has been noted that ε values 
tend to remain constant for each diagenetic environment, and as such, are indicative of a particular 
methanogenic pathway. For samples that produced αc = 1.02,  the corresponding εc values were  in 
the range of   17  to   24 , which are in agreement with  εc values for acetate fermentation 
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determined in other methanogenic microbial cultures (Gelwicks et al., 1994; Goevert and Conrad, 
2009; Krzycki et al., 1987; Penning et al., 2006).  
In addition, more depleted δD-CH4 from H2+CO2 treated cultures were encountered (Table 
5). The same phenomena were also observed by Burke (1993) and Sugimoto and Wada (1995) in 
their laboratory experiments using H2+CO2 as a substrate. They attributed the high concentration of 
H2  80%  used in their  laboratory incubations as a cause for very depleted values of δD-CH4 in the 
cultures (Burke, 1993; Chidthaisong et al, 2001, Sugimoto and Wada, 1995). The  outcome  of the 
current experiments (Tables 4 and 5) supports the concept that CO2 reduction may result in CH4 
with an isotopically light δD value comparable to that found in acetate derived CH4 (Chidthaisong 
et al., 2002; Sugimoto and Wada, 1995; Waldron et al., 1998). In Experiment 1, while the carbon 
fractionation factors indicated distinct pathways, the corresponding δD-CH4  values are quite 
similar, suggesting that δD-CH4 is independent of the methanogenic pathway. The  current 
understanding regarding the fractionation of hydrogen isotopes during hydrogenotrophic 
methanogenesis suggests that all of the H in CH4 produced by CO2 reduction is solely derived from 
the ambient water and that the H isotopic fractionation between water and CH4 is consistent 
between 160  and 180  (Schoell, 1980; Whiticar et al., 1986). However, other studies have 
reported that under certain conditions, the δD-CH4 produced by CO2 reduction is indistinguishable 
from that produced from cleavage of acetate, suggesting that not all H in CO2 derived CH4 is 
directly obtained from water, and that acetoclastic methanogenesis acquired more than one atom of 
hydrogen from water (Balabane, 1987, Sugimoto Wada, 1995). Furthermore, it has also been 
postulated that the relatively large hydrogen isotope fractionation found in the closed system 
experiment may not be solely caused by high H2 concentration. Methanogenic community 
differences are  thought to be one  of the important factors causing  the differences in hydrogen 
isotope fractionation (Chidthaisong et al., 2002). The closed experimental system with  limited 
substrate availability may interfere with the steady state condition and affect substrate utilization 
and isotopic exchange between H2 in the headspace and culture water differently than under natural 
conditions (Chidthaisong et al., 2002). 
4.3. Estimation of Pathway Contributions   
While a  rough estimation of the predominant methanogenic pathway can be done using αc and 
ɛc, more accurate determination of  the relative contribution of each pathway to total CH4  can be 
determined using the  mass balance equation of  Conrad et al. (2005) : 
ƒCO2,CH4 =  δm    δma / δmc    δma)      (7) 
Chapter 6 - 22 
 
Where ƒCO2,CH4  ƒmc) is the fraction of CO2 derived CH4. The fraction of CH4 produced from 
acetate  ƒac,CH4) is 1–ƒmc. δma and δmc are the δ
13
C of CH4 formed from acetoclastic pathways and 
CO2 reduction respectively, and δm the δ
13
C of total CH4 produced. Values for δma and δmc cannot be 
determined directly but were calculated from the isotopic signature and fractionation factors of their 
precursors. For δma, the measured variables are δ
13
Cac-methyl  δac) and α ac-methyl-CH4 or ɛ ac-methyl-
CH4  αma or ɛma), whereas for δmc the measured variables are δ
13
CO2  δCO2) and α CO2-CH4 or ɛ 
CO2-CH4  αmc or ɛmc . The formulas for determining the values of δma and δmc are (Conrad, 2005):  
 
δma =   1/αma) x  δac + 10
3    αma x 10
3
) or  = δac + ɛma   (8) 
δmc =  1/αmc) x  δ
13
CO2 + 10
3    αmc x 10
3
) or = δCO2 + ɛmc  (9) 
 
In this study, the estimates of the fraction of CH4 produced from CO2 were calculated using 
Eqn 7 and the δ13C values of the produced CH4 and CO2, and by assuming different variables values 
of αmc and δma (Table 7,8,9). For δma calculation in coal treated cultures, as a first approximation, it 
was assumed that δ13Cac-methyl from which CH4 is formed, was similar to δ
13
Corg of coal as the 
major carbon substrate  δ13C  28.1  ± 0.26, n = 16 . However, it should be noted that other than 
added coal, the formation water inoculum is also likely to carry other sources of carbon substrates 
(e.g. fine coal particle and organic constituents from continued microbial metabolism) that likely 
had a different isotopic composition than the coal. Since acetoclastic methanogens in SSB culture 
are dominated by Methanosaeta, this study used a fractionation factor of ɛmc for acetoclastic 
methanogenesis by Methanosaeta Conciili  (Penning et al., 2006) of   10.2 . With δac = δorg =   
28  and a fractionation factor of  ɛma =   10.2  ,  the calculation arrived at an δma value of  ‒
38.3 . Two values of αc at stationary phase that exhibited the expected isotopic signatures of 
hydrogenotrophic methanogenesis and indicated CH4 production solely by CO2 reduction were 
choosen for calculating the δmc,. These values are αc = 1.072 (εc =    68.3 ) from sample 5 of 
Experiment 1 and αc = 1.041 (ɛc =   39.8   from the H2+CO2 treated culture of Experiment 2. It 
was assumed that those values represent the highest and the lowest points of CO2 reduction pathway 
fractionation factors in SSB cultures. Later on in the calculation (Table 7), sample 5 in Experiment 
1  and the  H2+CO2 sample in Experiment 2  produced a ƒmc of 1.00, which indicated that the CH4 
in those samples was solely produced by CO2 reduction as expected, so that the produced δ
13
C-CH4 
is equal to δmc.  Using δma =   38.3 , Equations  7, 8 and 9, and αmc of 1.072 and 1.041, the 
calculated ƒmc values obtained are either unreasonably too low or  too high for most of the samples.  
In order to arrive at reasonable fractions of CH4 produced by CO2 reduction, in particular to 
explain the enriched δ13C-CH4 values in our experiment, this study had to assume relatively low 
fractionation factors and more positive δma values. Upon examining the calculated data, it appears  
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that for coal treated cultures, there was reasonable agreement for ƒmc  obtained when assuming δma 
or δac values between  –20  and –30  and ɛmc close to 0. As previously discussed, since isotopic 
measurements were conducted at the stationary phase, it is likely that  substrate concentrations 
(acetate) are low that may result  in small isotopic fractionation of ɛma.  Alternatively, in the 
condition where the substrate is limited, microbes will process each molecule regardless of its 
isotopic composition, so that isotope fractionation is no longer explicit (ɛma = 0 or αma = 1) (Conrad, 
2005; Goevert and Conrad, 2009). It has also been noted that after consumption of >80% of the 
acetate, ɛma values may also become more positive  (Goevert and Conrad, 2009). Most previous 
studies have reported δac values in the range of –23  to – 46  (Goevert and Conrad, 2009; 
Krzycki et al., 1987; Nakagawa et al., 2002; Sugimoto and Wada, 1993; Tyler et al., 1997) and a 
fractionation factor of ɛma of –7  to –30.5  (Goevert and Conrad, 2009; Krzycki et al., 1987; 
Penning et al., 2006; Valentine et al., 2004). However  values of –16  and –20  have also been 
reported for  δac values in the soil pore water of an Italian rice field (Krüger et al., 2002).  Therefore 
the postulated δac values of –20  to –30  agree, within error, with the δac values currently 
reported in the literature.  
In order to illustrate the potential error in choosing such variables, for calculating the 
contribution of each pathways, three different δma values (–30 ,  –25  and   20   and two αmc 
values (1.072 and 1.041) were used as a comparison. δma of –20  and –30  are  the highest and 
the lowest end points that give reasonable ƒmc values for the majority of coal treated samples. It is 
speculated that the δ13C of the precursor organic matter in this experiments are less negative than 
the overall δorg of coal, due to the presence of other sources of carbon in the inoculum that had a 
different isotopic composition than the coal. As such, with the assumption of δorg = δac, δorg = –25  
is chosen as a central value that is close to the original δorg of the coal  28  . The results of the 
calculation are shown in Tables 7 and 9. Using the above parameters, overall it appears that the 
calculation using δma =  –20    and αmc = 1.072 give  reasonable results for all coal associated 
experiments (Tables 7 and 9). On the other hand, δma = –25    and –30   only give reasonable 
results of ƒmc values for the 2012a and 2012b experiments, but resulted in unreasonably negative 
values of ƒmc for the 2013 experiment. It should be noted as earlier discussed,  that the δ
13
C-CH4 of 
samples from the 2013 experiments are more positive,  with smaller fractionation factors than in the 
2012a and 2012b experiments. Such isotopic compositions  indicate a strong substrate depletion 
effect. Collectivelly, based on these  results,  a conceptual model is postulated of isotope effects 
during the degradation of organic matter via acetate to CH4 in SSB coal associated  cultures (Figure 
6).  
Three cases are thought to affect  the carbon isotope systematics of microbial methanogenesis 
in SSB coal associated cultures (Figure 6). First is acetate fermentation in cultures that experienced 
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substrate limitation that was not severe enough to exclude isotope fractionation. This condition 
likely occurred in samples of the 2012a experiments. Assuming the initial δorg of  ~ –25 , and a 
fractionation factor  of ɛma = –5 , we arrive at  δma = –30 . ɛma = –5  is justifiable considering 
the dominance of Methanosaeta spp in SSB cultures. The ɛma value is also quite close to the 
fractionation factor of 6.1  reported for Methanosaeta thermophila (Valentine et al., 2004). If we 
exclude sample 5 which has ƒmc values of 1, suggesting 100% contribution of the CO2 reduction 
pathway, the final ƒmc in the 2012a experiment will be 15 to 28% and 41 to 53% for αmc = 1.072 and 
1.041, respectively. So that the approximate contribution of acetoclastic methanogenesis is in the 
range of 71 to 84% for αmc 1.072, and 46 to 52% for ƒmc 1.041.  
 
 
 
Figure 6. Conceptual model of isotope effects on acetoclastic methanogenesis 
in SSB coal associated  cultures. For detailed explanation, see text. 
 
 
Table 7. Estimation of CO2 reduction contribution  ƒmc) for CH4 
from SSB coal  treated cultures in Experiment 1 
 
Experiment 
  Formation 
water 
(inoculum) 
Major coal 
substrate 
αmc = 1.072 αmc = 1.041 
  
1 2 3 1 2 3 
2012a 1 SSB1 Burung 0.35 0.31 0.26 0.53 0.48 0.42 
 
2 SSB4 Burung 0.33 0.26 0.16 0.75 0.68 0.53 
 
3 SSB4 Suban 0.33 0.26 0.16 0.75 0.68 0.53 
 
4 SSB5 Burung 0.38 0.33 0.28 0.58 0.54 0.48 
  5 SSB5 Suban 1.00 1.00 1.00 7.57 -11.72 -2.84 
2012b 6 SSB1 Suban 0.04 -0.06 -0.13 0.08 -0.13 -0.46 
 
7 SSB1 Burung 0.17 0.09 -0.02 0.34 0.19 -0.04 
 
8 SSB3 Burung 0.20 0.11 0.00 0.44 0.28 0.00 
 
9 SSB4 Burung 0.14 0.04 -0.08 0.31 0.11 -0.24 
  10 SSB5 Burung 0.18 0.10 0.00 0.36 0.22 0.00 
2013 11 SSB5 Burung 0.07 -0.04 -0.17 0.15 -0.10 -0.58 
 
12 SSB5 Mangus SB 0.06 -0.04 -0.18 0.13 -0.11 -0.54 
 
13 SSB5 Mangus A 0.06 -0.05 -0.18 0.14 -0.12 -0.57 
 
14 SSB5 Suban 0.01 -0.10 -0.25 0.02 -0.27 -0.80 
  15 SSB5 Petai 0.02 -0.09 -0.23 0.04 -0.22 -0.67 
ƒmc calculated using Eqn 7,8,9 with 2 variables of αmc and 3 variables of δma: 1) -20 ; 2)-25 ; 3)-30  .  
Highlighted areas show the most likely contribution of CO2 reduction pathway based on postulated 
conceptual model. Isotopic values are expressed as per mil    notation. For detailed explanation see 
text. 
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Table 8. Estimation of CO2 reduction contribution  ƒmc) for CH4 
from SSB H2+CO2 and acetate treated cultures 
 
 
  Major source 
of carbon  
1.072 1.041 
  ɛma =10.2 ɛma = 0 ɛma =10.2 ɛma = 0 
SSB4 H2+CO2 -0.42 0.06 1 1.00 
SSB3 Acetate -0.01 0.17 -0.01 0.31 
SSB4 Acetate -0.01 0.15 -0.01 0.28 
SSB5 Acetate -0.01 0.16 -0.00 0.29 
ƒmc calculated using Eqn 7,8 and 9, with 2 variables of αmc  1.072 and 1.041) and 2 
variables of  ɛma. Isotopic values are expressed as per mil    notation. Highlighted 
areas show the most likely contribution of the CO2 reduction pathway. For detailed 
explanation see text.  
 
 
Table 9. Estimation of CO2 reduction contribution  ƒmc) for CH4 
from SSB coal treated cultures in Experiment 3 (2013) 
 
 Major source of  
carbon (coal) 
αmc = 1.072 αmc = 1.041 
1 2 3 1 2 3 
Burung L 0.12 0.06 -0.01 0.20 0.10 -0.02 
Burung P 0.03 -0.05 -0.14 0.05 -0.08 -0.26 
Burung S 0.05 -0.03 -0.11 0.08 -0.05 -0.21 
Mangus SB L 0.19 0.13 0.07 0.28 0.21 0.11 
Mangus SB P 0.04 -0.03 -0.12 0.07 -0.06 -0.23 
Mangus SB S 0.04 -0.03 -0.12 0.07 -0.05 -0.22 
Mangus A L 0.07 0.00 -0.09 0.11 -0.01 -0.16 
Mangus A P 0.05 -0.02 -0.11 0.08 -0.04 -0.20 
Mangus A L 0.04 -0.03 -0.12 0.07 0.07 0.07 
 
SB= sub bituminous; A= anthracite; L= middle log phase (day 10); P= late log phase (day 17);  
S=stationary phase (day 20). ƒmc calculated using Eqn 7,8,9 with 2 variables of αmc and  
3 variables of δma: 1) -20 ; 2 -25 ; 3 -30  . Highlighted areas show the most likely contribution  
of the CO2 reduction pathway based on postulated conceptual model. For detailed explanation see text. 
 
 
The second case is acetoclastic methanogenesis in cultures that experienced substrate 
depletion strong enough to exclude isotope fractionation. This is likely the case for the 2012b 
experiment. In this case, the final δma will be –25  and the final ƒmc will be 4 to 10% for αmc 1.072, 
and 11 to 28% for αmc 1.041. Sample 6 has a negative value that may underestimate the contribution 
of the CO2 reduction pathway. For this particular sample, if the value of δma = –20 was adopted, the 
calculated ƒmc is then 4% for αmc 1.072 and 6% for  αmc 1.041. Overall, there is a decrease in ƒmc 
values from the 2012a experiment to the 2012b experiment by 0.28 to 0.53 units. Since the 2012b 
samples are enriched from a maintenance culture of 2012a samples, and have a comparable CH4 
yield with 2012a, the decrease in ƒmc further supports the  hypothesis that an increase in δ
13
C-CH4 
values from the 2012a experiment to the 2012b experiment is due to an increased contribution of 
acetoclastic methanogenesis.    
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The third case possibly affecting the isotopic fractionation of SSB coal treated cultures  is 
acetate fermentation in cultures that experienced very severe substrate depletion, which may cause  
slightly positive values of ɛma. This  is postulated to be the case for the 2013 experiment  in both 
experiments 1 and 3. In their study, Goevert and Conrad (2009) observed a non-normal 
fractionation factor in their ɛ acetate-methyl near the end of culture growth, where almost all acetate 
substrate are consumed. They observed positive ɛma by about +5 . They postulated that at that 
stage, the kinetic isotope effect was no longer expressed and a small equilibrium isotope effect 
(EIE) caused slightly positive ɛma values. Assuming the same EIE to have  affected the methyl 
group of acetate of our 2013 experiment, and assuming δac = δorg, with the initial δorg = –20  and  
ɛma = +5 , the final end result for  δma would  be -20  (Figure 6). With δma = –20 , the 
comparison of calculated ƒmc values showed that ƒmc was, on average, larger by 0.47 units using 
enrichment factors of αmc 1.041 rather than using αmc of 1.072  Tables 7 and 9 . The final ƒmc 
values were in the range of 1 to 7 % and 2 to 15% for αma 1.072 and 1.041, respectively. In view of 
the lower CH4 yields of 2013 experiment and the potential loss of hydrolysing bacteria with 
formation water storage time, it is also possible that the 
13
C-enriched composition of the CH4 
reflects a higher contribution from organic precursors  other than the bulk added coal. 
It is notable that the use of αmc = 1.072 seems to give more a reasonable result for ƒmc in 
almost all coal treated cultures (Tables 7 and 9). Other studies also found more reasonable values 
for ƒmc when assuming αmc = 1.07 (Conrad et al., 2002; Fey et al., 2004). If we relate the ɛc values 
as the first rough indication for the contribution of CO2 reduction pathway to ƒmc values, one would 
expect that the lower the ɛc values the greater the contribution of CO2 reduction to total CH4 yield. 
In our study, the plot of ƒmc against the value of ɛc shows  that calculations using αmc of 1.072 give 
the best linear fit between ɛc and ƒmc, in comparison with  calculations using αmc of 1.041 (Figure 
7).   
For ƒmc calculation in acetate and H2+CO2 treated cultures, different values of δma and αma 
were also used  Table 8 . For acetate  treated cultures, it was  assumed that the δac were equal to 
δ13C of acetate stock powder   as the major carbon substrate , whereas for δma calculation in 
H2+CO2 treated culture it was assumed that δac = δorg for Mangus coal (Table 3). Mangus coal is 
native to SSB4 water and was likely present as fine coal particles, providing a source of carbon 
other than H2+CO2 for acetoclastic methanogenesis in this culture. In both acetate and H2+CO2 
cultures it was assumed that substrate limitation was not severe enough to exclude isotope 
fractionation. As such, isotope fractionation was likely to be still operating. For comparison, this 
study used a fractionation factor of ɛma = –10.2  and ɛma = 0 and αmc values of 1.072 and 1.041. 
Table 8 shows the calculated contribution  of  CO2 reduction for Experiment 2. Overall results 
showed that with ɛma = –10.2    the calculated  ƒmc values for acetate treated cultures gave negative 
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values which may underestimate the contribution of CO2 reduction pathway. On the other hand, 
with αma = 0, the ƒmc values for αmc = 1.072 were on average smaller by ~0.13 units in comparison 
with values where αmc = 1.041 (Table 8).   In contrast to coal treated cultures, for H2+CO2 treated 
cultures, the use of αmc = 1.072 give unreasonably low ƒmc, while calculations using αmc = 1.041 
give α values of 1 as expected. The somewhat different fractionation factors for hydrogenotrophic 
methanogenesis in the coal treated culture and the H2+CO2 culture were likely caused by differences 
in H2 concentration. As previously mentioned in the methods section, a high concentration of H2 
(80%) was injected into the H2+CO2 treated cultures. A  previous study  showed  that under high H2 
concentration (unlimited substrate), the hydrogenotrophic methanogens fractionated carbon isotopes 
was less than when H2 concentration was low (Valentine et al., 2004). That may explain why the 
H2+CO2 treated culture had a lower αc value (1.041) compared to  the coal treated culture (1.072).  
In addition, studies have noted that such differences in fractionation factors for the same pathway 
may be related to  differences in microbial community structures and culture conditions. In SSB 
cultures case, when different carbon sources were present, their carbon isotopic compositions and 
differing bioavailability also possibly influenced the isotopic fractionation factor of the samples.    
 
 
Figure 7. Plot of ɛc against fmc of coal treated cultures for different variables. A. αmc = 1.072 and δma = -20 ;  . αmc = 
1.041 and δma = -20 . C. αmc = 1.072 and δma = 25 ; D. αmc = 1.041 and δma -25 .  Most of the ƒmc values are < 0.5 
(<50%) suggesting the dominance of acetoclastic methanogenesis. 
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Overall, the calculated ƒmc values for coal treated cultures using varying fractionation factors 
show average values of less than 50% (18% ± 24%), which clearly indicates the high contribution 
of the acetoclastic pathway to CH4 production in the SSB cultures (Tables 7,8 and 9; Figure 7). This 
is consistent with the αc, ɛc and molecular analysis results. Pathway contribution calculations also 
support the hypothesis that the enriched δ13C-CH4 and the small fractionation factor encountered in 
this study are due to substrate depletion effects. The results also suggest that substrate depletion at 
varying degrees affects the isotopic composition of SSB coal treated cultures. 
 
5. CONCLUSIONS 
Three different experiments were conducted that aimed to determine the isotopic composition 
of  microbial CH4 and CO2 produced from cultures of SSB formation waters grown on coal, 
H2+CO2 and acetate. Experiment 1 observed the isotopic compositions of gasses from coal treated 
cultures at the stationary phase. This experiment consisted of 3 consecutive sub-experiments. The 
2012a experiment was inoculated with 1 month old formation water, the 2012b experiment was 
inoculated with 1 month old maintenance culture of 2012a, and the 2013 experiment was inoculated 
with 8 month old raw formation water. Experiment 2 involved methanogenic pathway screening 
and determined the isotopic compositions of CH4 and carbon dioxide from H2+CO2 and acetate 
treated cultures at the stationary phase. Experiment 3 observed temporal changes in isotopic 
compositions during microbial methanogenesis growth in 3 different coal treated cultures.   
Overall, the results showed the following: (1) The δ13C-CH4 values in our experiment (–50  
to –20   mostly fell outside the field currently considered as representative of biogenic CH4. This 
study hypothesizes three possible causes for the enriched δ13C-CH4 values found in SSB cultures. 
First the increasing trend of δ13C-CH4 from the 2012a to 2012b experiments was thought to be 
related to the increasing importance of acetate as a methanogenic substrate. The decreasing trend in 
the relative contribution of CO2 derived CH4 to total CH4 from the 2012a to 2012b experiments 
supports this hypothesis. Second, the increasing trend of δ13C-CH4 values from 2012a  to 2013, that 
coincides with a decreasing trend of CH4 production yield, suggests a substrate depletion effect. 
Substrate depletion possibly occurred due to a decrease in relative abundance of bacterial coal 
degraders with  formation water inoculum storage time. Finally, the unusually enriched δ13C-CH4 in 
the 2013 experiments underline the possible capability of Methanosaeta (the most prevalent 
methanogenic archaea in SSB cultures) in performing trace CH4 oxidation. (2) In this experiments, 
an apparent carbon fractionation factor (αc  and isotope effect  εc) were found to be more useful 
indicators of methanogenic pathways than the absolute δ13C-CH4 values. Overall, the apparent α 
and ε values calculated in this study suggest the dominance of acetoclastic methanogenesis over 
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hydrogenotrophic methanogenesis, which is consistent with pathway contribution calculation and 
microbial community data. The values are also in agreement with carbon fractionation values for 
acetoclastic methanogenesis reported in the literature. (3) Three cases are thought to affect the 
isotopic signatures of SSB coal treated cultures. 1) Acetate fermentation in the culture that 
experienced a substrate limitation which was not severe enough to exclude isotope fractionation. 2) 
Acetate fermentation in the culture that experienced substrate depletion strong enough to exclude 
isotope fractionation, and 3) Acetate fermentation in the culture that have very severe substrate 
depletion which may result in a slightly positive value of ɛma. (4) These experimental outcomes 
support the concept that CO2 reduction can result in CH4 with an isotopically light δD value 
comparable to that found in acetate. Overall, the measurement of δD suggests that δD-CH4 is 
independent of the methanogenic pathway and may not provide a reliable basis for distinguishing 
the methanogenic pathway in SSB cultures. In addition, this study results also highlight the possible 
positive extension of δ13C-CH4 values of acetoclastic methanogenesis  from those currently 
available in the literature.   
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Yesterday I was clever, so I wanted to change the world. Today I am wise,  
so I am changing myself (Rumi) 
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7.1.  SIGNIFICANCE 
The overall goal of this PhD study was to enhance the understanding of microbial 
methanogenesis processes in coal and to investigate the unique characteristics of Indonesian coals 
and their potential to act as CH4 bioreactors. Using microbiological and stable isotopic techniques, 
the objective of the study was achieved through 4 individual smaller studies addressing 5 different 
research questions and hypotheses as stated in Chapter 1. To date this is the first academic study to 
provide baseline knowledge related to microbial methanogenesis in Indonesian coals. The results of 
this study not only contributed to scientific knowledge but also give insight to more practical 
knowledge related to the potential of Indonesian coals as CH4 bioreactors. The outcomes of this 
study are discussed in the following synthesis. 
7.2.  SYNTHESIS 
7.2.1.  CBM Origin 
 Preliminary work in the form of gas sampling and stable isotopic analysis was conducted to 
confirm the origin of Indonesian CBM. The results are presented in Chapter 3 that also provides 
background knowledge on coal and CBM in Indonesia. Gas sampled from several Indonesian CBM 
wells showed isotopic values ranging from ─53‰  to ─62‰ and ─190‰ to ─230‰ for δ13C-CH4 
and δD-CH4, respectively. These values fall in the window for biogenic CO2 reduction and mixed 
gas origin (Whiticar, 1999).  The isotopic  values that fall in the mixed origin field alternatively 
may indicate the  operation of more than one  methanogenic pathway (Whiticar, 1999). The result 
of culture enrichments and molecular analysis in this study indeed show that two methanogenic 
pathways are active in the area, CO2 reduction, and acetoclastic pathways. Overall the results of this 
study confirm that Indonesian CBM is partly biogenic in origin.  
7.2.2.  Screening for Viable Coal to CH4 Consortia 
While there is work reported on methanogen enrichment from Indonesian lignite (Fallgren et 
al., 2013), to date there is no work reporting the culturing of microbial consortia from Indonesian 
CBM  reservoirs. The work in Chapters 3 and 4 tested the hypothesis that Indonesian CBM 
reservoirs contained active microbial methanogen consortia capable in converting coal organic 
material into CH4. As fresh core to examine the microbial methanogen consortia attached to the coal 
itself could not be obtained, this study focused on CBM formation water as a source of inoculant. 
Preliminary culture enrichments using 2 SSB formation waters as an inoculum and 2 coals as 
substrates were performed to examine the viability of this research project (Chapter 3). The results 
were positive and hence further study was conducted.  
Chapter 7 - 3 
 
The next phase of research focused on formation water screening and coal bioavailability 
testing in the SSB (Chapter 4). Using enrichment studies and molecular analysis, the objective was 
to further confirm the presence of microbial methanogen consortia capable of converting coal into  
CH4. Five CBM formation waters were sampled from several CBM pilot wells in the SSB and were 
screened for the presence of coal to CH4 consortia. Since no fresh coal core from the CBM wells 
was available to be used in this study, fresh coal was sampled from a nearby operating mine and 
used as a substrate for formation water screening and coal bioavailability testing. The coal 
bioavailability is explained in section 7.3. Methanogenic pathways in all water were tested using 
H2+CO2 and acetate. All five waters tested positive for the presence of methanogenic archaea, but 
only four showed coal conversion to CH4. Formation water salinity was thought to affect the growth 
of the coal degrading bacterial community causing the absence of coal to CH4 activity in the water 
tested. This result supports previous findings by Budwill et al. (2005); Papendick et al. (2011), 
which both identify high salinity as a limiting factor on the growth of microbial methanogen 
consortia.  
Molecular analysis was performed on selected samples from the experiment. The results 
revealed that the microbial methanogen consortia in SSB CBM waters consist of both bacterial and 
archaeal group species that have been previously shown to work together to convert coal into  CH4 
(Chapter 4 and 5). The representative bacterial sequences in SSB were dominated by Bacteroidetes, 
Firmicutes and Deltaproteobacteria while the archaea sequences by members of 
Methanobacteriales, Methanosarcinales and Methanomicrobiales. Acetoclastic and 
hydrogenotrophic methanogens were shown to govern the CH4 production in SSB coal associated 
cultures. The microbial community profiling suggest that each CBM site has unique community 
members, which may reflect specific in-situ environmental conditions that favor the growth of 
particular microbes, confirming that developing coal as CH4 bioreactor indeed is site specific. At 
phyla and class levels, microbial methanogen consortia identified in SSB waters were generally 
similar to those found previously in other CBM reservoirs (Beckmann et al., 2011; Dawson et al., 
2012; Green et al., 2008; Guo et al., 2012; Jones et al., 2010; Penner et al., 2010; Wawrik et al., 
2012) but differ in relation to primary community members and species dominancy.   
Overall, the formation water screenings validate the hypothesis that viable coals to CH4 
consortia are present in the SSB CBM reservoir. The SSB5 water was identified as the best 
potential inocula. As the SSB5 well produces from only one seam (Mangus seam), the consortia 
detected in the water likely represent the in situ consortia native to the coal seam as opposed to 
water mixed from several seams, allowing more accurate interpretation of methanogenesis in the 
area. For all these reasons, SSB5 was used as a sole inoculum to conduct the next section of the 
study (Chapter 5). 
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7.2.3.  Microbial Methanogenesis Process 
Although microbial communities detected in formation water and culture enrichment may 
not truly represent the complexity of the coal to CH4 in situ population at the study site, they can 
still assist in developing a simplified hypothetical mechanism for coal biodegradation.  
In the SSB Acidaminobacter, Bacteroides and Pelobacter likely play the role of the primary 
fermenter. These microbes are known to be capable of anaerobic degradation of polymers to 
monomers (sugars, amino acids, purines, pyrimidines, fatty acids and glycerol) and other 
fermentation products (e.g., acetate, H2, CO2) as well as being capable of degrading fermentation 
intermediates (Schink, 1997; Stams, 1994). The presence of Spirochaetes group, such as Treponema 
in the SSB culture, may also enhance cellulose breakdown as well as enhancing the production of 
volatile fatty acids, other organic acids, and ethanol (Kudo et al., 1987). 
Synthropic metabolism has been found in many biogenic CBM formations and is considered 
as an important process in coal biodegradation (Dawson et al., 2012; Green et al., 2008; Wawrik et 
al., 2012). In the SSB cultures, other than acting as fermenters, Acetobacterium and Pelobacter are 
likely to also play a role in this syntrophic association. Acetobacterium is a homoacetogen that is 
able to grow chemolithoautotrophically on H2 plus CO2 or heterotrophically on lactate by forming 
acetate as the sole product (homoacetogenesis) (Bainotti et al., 1997; Stams and Plugge, 2009; 
Stams, 1994). It is therefore proposed that they took an active part in acetate production in the SSB 
cultures. Syntrophic associations between Acetobacterium and Methanosaeta (the most prevalent 
methanogen found in SSB cultures) may have occurred, as excess acetate production that can 
eventually inhibit the growth of Acetobacterium is utilised by Methanosaeta to produce CH4 and 
CO2. Other syntrophic relationship may also exist between Pelobacter and hydrogenotrophic 
methanogen (Methanosarcina and Methanoregula). This  is occurred when the growth of 
Pelobacter is possible only when H2 produced during their metabolism is consumed by a hydrogen 
scavenging anaerobe (e.g.,hydrogenotrophic methanogen) (Schink, 1997; Schink, 2006).  
Although the methylotrophic pathway was not tested in this study, since Methanosarcina is 
able to produce CH4 from H2+CO2, acetate and methylotrophic pathways, the final step in the SSB 
culture microbial methanogenesis process could have occurred by any of the three methanogenic 
pathways. While Methanosaeta, Methanosarcina and Methanobacterium have been found to be 
dominant in other coal associated microbial communities (Jones et al., 2010; Tang et al., 2012), the 
dominance of Methanoregula has not yet been reported. 
Overall, the results of the second (Chapter 4) and third sub-studies (Chapter 5) validated the 
hypothesis that Indonesian CBM reservoirs contained viable coal to CH4 communities.  
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7.2.4.  Coal Bioavailability 
For coal bioavailability testing, five SSB coals (Burung Rv 0.39%, Mangus Rv 0.31%, 
Mangus Rv 0.5%, Mangus Anthracite Rv 2.2%, Suban Rv 0.39%). Huminite (in low-rank coal) or 
vitrinite (in anthracite coal) was the dominant maceral group present in all SSB coals (>80%). Of 
the SSB coals, the Burung has the highest inertinite (10%) and liptinite contents (7%). The SSB 
coals have very low mineral matter (≤ 1%; corroborated by low ash yields <10%), which is typical 
for Indonesian coals. The SSB anthracite sample by comparison had much lower moisture and 
higher vitrinite content than the other SSB coals as the liptinite group macerals have devolatilised. 
The coal bioavailability was tested in 3 different experiments. The preliminary experiment 
(Chapter 3) tests the bioavailability of Mangus coal (Rv 0.31%) that is a core sample native to one 
of the well tested. The result showed that the coal was biodegradable as shown by higher CH4 
production from coal treated cultures compared to the negative controls. The second experiment 
(Chapter 4) tested the bioavailability of two SSB coals of the same rank but slightly different type 
(Suban and Burung coal). The bioavailability of the two coals was tested using 5 different formation 
waters inoculum. Overall both coals are biodegradable and produced relatively promising CH4 
yields. Maximum net  CH4 yield (total  CH4 yield ─  CH4 produced from no-coal control) ranged 
from 85 to 109 µmol g-1 of coal reached  and 64 to 180 µmol g-1 of coal for the Burung and Suban 
coal cultures, respectively. The greatest maximum rate occurred in the Suban coal culture with 25 
µmol g-1 of coal day-1. As the two coals have similar rank, coal type was thought to cause the 
differences in  CH4 production from the two coals treated cultures. Microbial methanogen consortia 
may favor Suban coal that has higher vitrinite and liptinite content but lower inertinite content than 
the Burung coal. This result is consistent with a previous study that suggested the greater suitability 
of vitrinite rich coal with low inertinite content for microbial methanogenesis over coal with lower 
vitrinite and high inertinite content (Furmann et al., 2013). 
The third experiment (Chapter 5) used 8 months old SSB5 water as a sole inoculum to 
compare the bioavailability of three SSB coal of different rank: Burung sub-bituminous (SB) Rv 
0.38%, Mangus sub-bituminous (SB) Rv 0.5% and Mangus Anthracite (A) Rv 2.2%. The results 
suggest that CH4 production in this experiment was affected by different coal substrates and 
indicated the ability of the consortia to biodegrade the coals. Overall the mean of the CH4 
production data indicated declining CH4 production yields with increased coal rank. At peak 
production (day 17), Burung SB coal culture has the highest CH4 production yield and rate (88 ± 
5.9 µmol g-1 of coal), followed by the Mangus SB (73 ± 6.8 µmol g-1 of coal) and Mangus A (67 ± 
7.1 µmol g-1 of coal) coal as the least, while average CH4 yield from the no-coal control was 52 ± 
15µmol g-1 of coal eq.  
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Using the same inoculum and substrate, it was identified that the culture inoculated with 1 
month old formation water (Chapter 3) produced a greater quantity of CH4 compared to the culture 
inoculated with 8 months old formation water (Chapter 4). It is likely that some key members of the 
microbial CH4 consortia in the inoculum have been lost during storage resulting in a decrease in 
inoculum performance in biodegrading the coal. The decrease or the loss of key bacterial coal 
degraders in the formation water inoculum therefore is thought to further affect the availability of 
substrate for methanogenesis, causing substrate depletion effects and the relatively 13C-enriched 
carbon isotope values observed in the CH4 produced in the culture experiments (see section 7.2.6). 
Overall the coal bioavailability test validates the hypothesis that Indonesian coals, and 
particularly the SSB coals, are good substrates for microbial methanogenesis and suggests a 
negative correlation between coal rank and CH4 production. CH4 produced from Indonesian coal 
cultures was comparable to other reported methanogenesis studies (Table 1). Although the yields 
and rates were achieved under ideal laboratory conditions, the results are still promising as the 
conversion of only a small fraction of coal to CH4 may significantly increase CBM field reserves 
and reservoir lifetime.  
 
Table 1. Coal to CH4 yield and rate of coal associated cultures from several basins 
Basin Coal substrate Rank 
Yield 
(Scf 
 ton-1) 
Rate 
(Scf 
ton-1 
day -1 
Extrapolated 
rates c(10 m 
coal, 10 acres, 
544226 tons) 
MMcf  day -1 
Methanogenesis 
pathway References  
Powder River USA Wyodak (Wyoming) 
 
130 5.5 2.9 
CO2 reduction 
acetoclastic Green et al. (2008)  
Surat Australia Walloon  0.48 200 30 16.1 CO2 reduction 
Papendick et al. 
(2011) 
South Sumatra 
Indonesiaa 
Burung (Bukit Asam) 0.39 78 11 5.9 
CO2 reduction 
acetoclastic 
This study 
Suban (Bukit Asam) 0.39 130 20 10.7 
 
Mangus (Bukit Asam) 0.50 15 0.8 0.4 
 
San Juan USA Fruitland 0.80 130 0.03 0.01 CO2 reduction 
Wawrik et al.
(2014) 
a Represent maximum net yield and rate. Net yield = gross yield – no coal control yield. Burung and Suban cultures were inoculated with 1 
months old formation water Mangus culture was inoculated with 8 months old formation water. Therefore the yield and rate of Mangus 
cultures may be greater than observed; b All coals were crushed to 0.25-0.60 mm, all source of  inoculum were  from formation water; c 
Following Budwill (2003) 
 
7.2.5.  The Influence of Coal Substrate on Microbial Community Composition 
In addition to investigating coal bioavailability as discussed above (7.2.4), the experiment 
presented in Chapter 5 tested the hypothesis that different coal substrates influence the microbial 
community composition. The experiment was performed using the SSB5 water grown on 3 coal 
samples of different ranks (Burung SB, Mangus SB and Mangus A). Using molecular analysis of 
16S rRNA gene sequences, the community structures in each culture set were monitored at 4 
different growth phases (early log-day 6, middle log-day 10, late log/peak production-day 17 and 
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stationary phase-day 20). The results of the experiment showed temporal changes in community 
structure over time. A general pattern was observed in all cultures. With increasing time, the 
bacterial members decreased in proportion whereas the archaeal component increased. The increase 
in the proportion of archaeal methanogens corresponded with an increase in  CH4 production yield.  
The results also showed that the developed microbial community structure was different for 
each of the coal substrates. The fact that each culture reveals its own microbial structure, diversity 
and pattern while they have the same source of inoculum may indicate the influence of different 
coal substrates on the microbial community structure in each culture. The heterogeneity of coal as a 
substrate may lead to opportunistic behavior of different microbes in each culture. Despite each coal 
culture having its own set of unique community members, the community structure exhibited more 
similarity when grown on coal from the same seam but of different ranks (Mangus SB and Mangus 
A) than to coal of similar type (Mangus SB and Burung SB). The obligate acetoclastic 
Methanosaeta members drive CH4 production from the Burung SB culture, while the metabolically 
versatile Methanosarcina members dominate in both of the Mangus cultures. In the cultures without 
coal substrates, hydrogenotrophic methanogens dominated. It is not clear yet what factors are 
responsible for the similarity between Mangus SB and Mangus A. Despite differences in rank, as 
heat affected coal, the two coals are originally the same, as such they may still share some common 
characteristics. Regardless of the community structure similarity between lower rank and higher 
rank coal cultures, greater quantities of CH4 were generated from the lower rank cultures compared 
to the one high-rank coal tested. Overall, the results of this work support the hypothesis that the 
microbial community structure is influenced by the coal substrate and suggests a potential 
relationship between coal rank, microbial community composition and CH4 production. 
7.2.6.  Stable Isotopes of Produced Gas from Coal Associated Cultures 
One of the goals of this study was to test the hypothesis that CH4 produced from culture 
enrichment will exhibit biogenic signatures and that carbon and hydrogen isotopes are suitable to 
determine the origin and pathways of microbial gas (Chapter 6). Stable isotope analysis was 
conducted on the same cultures grown on coal, H2+CO2 and acetate as those used in Chapter 4 and 
5. Three different experiments were run. Experiment 1 and 2 determined the isotopic compositions 
of gas produced from coal treated cultures and from H2+CO2/acetate treated cultures, respectively, 
with stable isotope analysis was conducted during the stationary phase. Experiment 3 observed 
temporal changes in the isotopic compositions of produced gas during microbial methanogenesis in 
3 different coal treated cultures.   
CH4 produced in this culturing experiments has δ13C  in the range of –50‰ to –20‰, which 
fell outside the current understanding of the carbon isotopic boundaries for biogenic CH4 (–110‰ to 
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–50‰). The increasing importance of acetoclastic methanogenesis and substrate depletion effect 
were hypothesized as a cause for the 13C-enrichment of CH4 observed in this study. Substrate 
depletion is thought to be related to a decrease in the relative abundance of bacterial coal degraders 
with formation water inoculum storage time (see section 7.2.4). In addition,  a 13C-enrichment 
trends from log phase to stationary phase which are typical of substrate depletion effect (Fey et al., 
2004; Goevert and Conrad, 2009; Londry et al., 2008; Valentine et al., 2004), were also observed in 
three single experiments using one formation water and 3 different coal substrates. It is noteworthy 
that the trend observed were accompanied by a decrease in bacterial relative abundance which 
further supports a substrate depletion effect as previously stated.  
There is a possibility that Methanosaeta, Methanobacterium and Methanosarcina have 
oxidized trace CH4 and causing the enriched δ13C in the SSB cultures. Methanosaeta are 
phylogenetically very closely related to two groups of putative anaerobic CH4-oxidizing archaea 
(ANME-1 and ANME-2) (Penning et al., 2006; Smith and Ingram-Smith, 2007). Methanobacterium 
thermoautotrophicum, Methanosarcina barkeri and Methanosarcina Acetivorans can also perform 
trace CH4 oxidation  under diverse growth condition (Moran et al. (2005). However, study has 
noted that methanogenic Archaea need to work syntrophically with sulphate reducing bacteria to 
maintain conditions that allow CH4 oxidation to proceed exergonically (Valentine and Reeburgh, 
2000). In the SSB cultures, sulphate reducing bacteria were only detected in very small amounts.  In 
addition the δD-CH4 of all samples were more depleted than values that have been suggested for 
anaerobic CH4 oxidation, which may exclude bacterial oxidation as a cause for the enriched δ13C-
CH4 observed in SSB cultures. More research needs to be conducted to confirm the possibility of 
CH4 oxidation in SSB cultures.  
In this study the experimental outcome supports the concept that CO2 reduction can result in 
CH4 with an isotopically light δD value comparable to that found in acetate, which further suggests 
that δD-CH4 values may not provide a reliable basis for distinguishing methanogenic pathway.  
Alternately, apparent carbon fractionation factor (αc) and isotope effect (εc) are considered more 
useful indicators of the methanogenic pathway. The αc  (1.02±0.006) and εc (20.1‰ ± 15.3) values 
produced in this study showed that CH4 in the cultures was produced largely by acetoclastic 
methanogenesis which is consistent with the molecular analysis result.  
This study has postulated a conceptual model of isotope effects during the degradation of 
organic matter via acetate to CH4 in SSB cultures. Three scenarios are proposed  to be affecting  the 
carbon isotopic systematics of these cultures: (1) acetate fermentation occurring in cultures 
experiencing substrate limitation albeit not severe enough to exclude isotope fractionation; (2) 
acetoclastic methanogenesis occurring in cultures experiencing substrate depletion strong enough to  
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exclude carbon isotope fractionation; and (3) acetate fermentation occurring in cultures 
experiencing very severe substrate depletion that may result in slightly positive values of ɛma. 
Overall, the calculated ƒ values show the high contribution of the acetoclastic pathway to CH4 
production from the SSB cultures.  
Taken together, the results indicated a great influence of substrate depletion on the δ13C-CH4 
composition of CH4 generated by the SSB cultures. This is thought to be the first study reporting a 
substrate depletion effect with quite enriched δ13C-CH4 values. Finally this study result highlighted 
the possible positive extension of δ13C-CH4 values of acetoclastic methanogenesis  from those 
currently reported in the literature.  
7.2.7.  The Potential of Indonesia Coal as CH4 Bioreactor 
 Providing an ongoing energy supply for a growing population of 200 million people is a 
great challenge for Indonesia. Environmental concerns also force Indonesia to gradually decrease 
the reliance on environmentally unfriendly energy resources. As a consequence, significant efforts 
must be made to find new alternative energy resources that will not only secure the future energy 
supply but also be environmentally friendlier.  
Biogenic CBM has great potential to be developed as clean renewable energy. Several 
companies have field trialed their microbial enhanced CBM technologies and reported their success 
in turning coal into CH4 bioreactor (e.g. Luca Technologies, Next Fuel Inc., Verso Ener).  In 
Indonesia, Next Fuel Inc. has reported a completed pilot test on biogenic CBM production from 
shallow lignites, but as yet no data has been disclosed to the public regarding the microbial 
methanogen community responsible for methanogenesis in their site.  
This study used data from existing pilot CBM wells targeting subsurface coal (500 m to 900 
m) in the area where geological assessment showed great potential for CBM development. To date, 
the results of this study are the first publically available data related to the microbial communities 
resident in Indonesian CBM reservoirs and the bioavailability of different CBM targeted coal seams 
in Indonesia.  The findings provide baseline knowledge on microbial methanogenesis processes in 
Indonesia coal and give insight into the potential of Indonesian coal to become CH4 bioreactors. 
Several key findings are as follows: 
1.  δ13C-CH4 values measured from CBM wells indicate that active microbial methanogenesis 
occurs in Indonesian CBM reservoirs which may be naturally increasing the existing CBM 
accumulations. 
2. Indonesian CBM reservoirs, in particular the SSB, contained microbial methanogenic 
communities that are capable of converting coal into CH4 using acetoclastic and 
hydrogenotrophic pathways. The representative bacterial sequences were dominated by 
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Bacteroidetes, Firmicutes and Deltaproteobacteria. All three methanogen archaea orders 
(Methanobacteriales, Methanosarcinales and Methanomicrobiales) were observed in SSB 
cultures.  
3. Since in situ consortia are present in the reservoirs, microbial enhanced CBM (MECoM) 
may be conducted by stimulating the growth of the native microbial population to produce 
CH4 from coal (e.g. by adding nutrients or enhancing their degradative capabilities) without 
the need to do bio-augmentation with a foreign microbial consortium.   
4. Developing coal as bioreactors could be site specific as each CBM site has unique 
community member which may reflect a specific in situ environmental condition that favors 
the growth of particular microbes. Among the 5 sites tested, the SSB5 consortia showed the 
greatest ability to biodegrade coal. High chloride concentration (2878 mg L-1) in the SSB3 
formation water was thought to inhibit the growth of microbial methanogenic consortia.  
5. The coal bioavailability testing showed the potential of Indonesian coal as a substrate. Low-
rank coal produced greater amounts of CH4 relative to high-rank coal. At similar rank, coal 
with high vitrinite and liptinite contents but low in inertinite content showed better 
performance as a substrate than coal with a somewhat lower vitrinite and higher inertinite 
content. Different coal substrate influences the microbial community composition. 
6. The application of laboratory results to the field remains a challenge; nevertheless, 
considering the large volume of underutilized coal in the SSB, the results of this study are 
still promising. The conversion of only a small fraction of that coal to CH4 may significantly 
increase the SSB CBM field reserves and reservoir lifetime.  
7.3.  CONCLUSION AND FUTURE DIRECTIONS 
This study is pioneering research on biogenic CBM systematics in Indonesia. The results are 
encouraging but still require further work to be developed to their full potential. At the time this 
study was undertaken, formation water was the only source of inoculum that could be used to assess 
microbial methanogenesis processes in Indonesian coal seams. In order to better characterize the 
native consortia, further work should aim to sample fresh coal from CBM wells and screen it for the 
presence of microbial consortia attached to the coal itself.  
As the current study focuses on the SSB, future microbial methanogenesis assessments 
should be applied to other coal basins in Indonesia, which will significantly increase current 
understanding of the potential of Indonesian coals as CH4 bioreactors. Additional work focusing on 
factors that may enhance or limit methanogenesis in Indonesian coals may also assist in developing 
techniques for microbial enhanced CBM.  
Chapter 7 - 11 
 
The use of microbial imaging techniques for microbial characterization is also encouraging 
(Dawson et al., 2012; Strąpoć et al., 2011). More sophisticated work in the field of molecular 
biology is recommended, such as combining metabolic profiling with the detection of diagnostic 
genes for assessing biochemical mechanism of coal biodegradation. 
This study also highlights the need for more detailed work exploring the impact of different 
coal types and rank on substrate performance. Results in Chapter 5 suggest relationships between 
coal type and rank, CH4 production and microbial composition that still need further work to 
confirm.   
Finally, geological, geochemical, and hydrogeological studies of the basin related to its 
CBM potential are important to understand the processes associated with secondary microbial gas 
formation in coal seams. These studies should be a key priority for further work assessing the 
potential of Indonesian coals to become CH4 bioreactors. 
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APPENDIX A 
MEDIA AND CULTURE PREPARATION 
 
A.1. Media composition  
1. DI water 
2. Mineral solution* 
3. Trace element solution** 
4. Vitamin solution*** 
5. N [Tris(hydroxymethyl)methyl ] 2 aminoethanesulfonic  acid (TES) (2g/L) 
6. NaHCO3  (2 g/L) 
7. Resazurin (50 µg/L)  
 
   * Mineral solution (final concentration in the medium g/L) 
 NaCl (0.8) 
 NH4Cl (1) 
 KCl (0.1) 
 KH2PO4 (0.1) 
 MgSO4.7H2O (0.2) 
 CaCl2.2H2O (0.04) 
   ** Trace metal solution (final concentration in the medium g/L) 
 Nitrilotriacetic acid (10) 
 MnSO4.H2O (5) 
 Fe(NH4)2(SO4)2.6H2O (4) 
 CoCl2·6H2O (1) 
 ZnSO4·7H2O (1) 
 CuCl2·2H2O (0.1) 
 NiCl2·6H2O (0.1) 
 Na2MoO4·2H2O (0.1) 
 Na2SeO4,0.1 (0.1) 
 Na2WO4 (0.1) 
*** Vitamin solution (final concentration in the medium mg/L) 
 Pyridoxine-HCl (0.1) 
 Thiamine-HCl (0.05) 
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 Riboflavin (0.05) 
 Calcium pantothenate (0.05) 
 Thioctic acid (0.05) 
 p-aminobenzoic acid (0.05) 
 Nicotinic acid (0.05) 
 Vitamin B12 (0.05 
 Mercaptoethanesulfonic acid (coenzyme M) (0.05) 
 Biotin (0.02) 
 Folic acid (0.02) 
 
A.2  Procedures 
- Media solution was boiled and cooled under nitrogen purge to remove dissolved oxygen 
- Once cool, the solution was transferred to an anaerobic chamber 
- In the chamber, fresh reducing agent Na2S*9H2O  (0.074 g/L) was added to the medium 
solution. 
- pH of the media  adjusted to values close to the initial formation water pH (except for 
experiment in Chapter 3, no pH adjustment was made) 
- Coal was crushed (size 220 – 350 µm)  inside the anaerobic chamber. 
- 9ml of aliquot medium was dispensed to the 26mL Belco balch tubes: 
Tubes containing substrates: 
1. 0.25 gr of coal, size 220 – 350 µm  (for coal to CH4 screening, coal bioavailability and 
abiotic control)  
2. 36.7 mM acetate  (for acetoclastic pathway screening) 
Other tubes:  
1.  Negative control : media without substrate 
2.  Abiotic control : media + coal + 2-bromoethanesulfonic acid (BESA) (10mM) 
3.  Hydrogenotrophic pathway screening : media only 
- Tube was sealed with butyl rubber stoppers, then removed from the chamber 
- Outside the chamber, the headspace of the tube was vacuumed and filled with N2 (125 kPa) for 
three cycles using gassing manifold with needle tips (final nitrogen headspace pressure was  set 
at 125 kPa) 
For hydrogenotrophic pathway screening, the headspace of the tube was pressurized to 300 kPa 
with H2CO2 (20:80) 
- The sealed pressurized tubes were sterilized in an autoclave at 1200 C for 15 minutes 
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- Sterilized tubes were inoculated inside the chamber with 3mL of raw formation water. 
- Vitamin solution was injected after inoculation (0.1mL/tube), except for experiment in Chapter 
3, vitamin solution added along with trace and mineral solutions. Tube incubated at 37oC 
without shaking, (except for experiment in Chapter 3, tubes were shaken at 50 rpm). In this 
study, cultures were incubated at 37oC for two reasons: 1). 37oC is quite closed to reservoir 
temperatures of all SSB water (32oC to 39oC). 2). 37oC is the optimal temperature for most 
mesophilic methanogens (methanogens which are considered important in CBM reservoir 
environments). 
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APPENDIX B 
 
OUTLINE OF WORK IN EACH CHAPTER 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Subject 
Enrichment experiment 
Analysis  Inoculum Substrate 
Chapter 3(Paper 1):  
 
- CBM origin 
- Formation water screening 
SSB1 (Rambutan 1) 
SSB4 (Sekayu 2) 
Coal : Mangus, Walloon  
H2CO2, acetate 
 CBM gas composition isotopic 
composition  
 Culture CH4  production 
Chapter 4(Paper 2) :  
- Formation water screening 
for viable coal to CH4 
community 
- Coal bioavailability  
- Methanogen pathway 
screening 
- Microbial methanogen 
community composition 
SSB1, SSB2,SSB3, 
SSB4, SSB5 
Coal : Suban, Burung 
H2CO2, acetate 
 Formation water chemistry 
 Coal characterization (proximate, 
ultimate and coal petrography) 
 Culture CH4 production, 
 Molecular analysis 
Chapter 5 (Paper 3):  
- Community changes 
- Coal bioavailability 
- Coal substrate influence to 
CH4 production and 
community composition 
SSB5 
Burung, Mangus SB, 
Mangus A 
 Culture CH4 production 
 Coal characterization 
(proximate, ultimate and coal 
petrography) 
 Molecular analysis  
 Statistical analysis 
Chapter 6 (Paper 4):  
- Stable isotopic composition 
of culture produced CH4 
SSB1, SSB2,SSB3, 
SSB4, SSB5 
Burung,  Mangus SB, 
Mangus A, Suban, Petai 
 Formation water isotopic 
composition 
 Coal isotopic composition 
 Culture CH4 production 
 Molecular analysis 
 Culture headspace isotopic 
composition 
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APPENDIX C 
 
MATERIAL USED IN THIS STUDY AND DIAGRAM OF ANALYSIS 
 
 
Table C.1. Coal samples used in this study 
 
No Seam Basin/area Lithotypes 
1 Burung 
South Sumatra/Bukit 
Asam 
Bright luster vitrain banding (band 
<30%,thickness  <0.5 mm) 
2 Mangus SB 
South Sumatra/Bukit 
Asam 
Bright luster, highly banded (band > 50%, 
thickness  1mm-5mm )  
3 Mangus A 
South Sumatra/Bukit 
Asam Bright luster vitrain banding 
4 Suban  
South Sumatra/Bukit 
Asam 
Bright luster moderately banded (band 30-
50%, thickness 1-2mm)  
5 Petai  
South Sumatra/Bukit 
Asam 
Bright luster moderately banded (band 30-
50%,thickness 0.5-1mm) 
6 Walloon coal Surat/Australia Not reported 
 
 
 
 
Figure C.1. Schematic diagram of gas analysis to this study 
 
 
 
 
 
Figure C2. Schematic diagram of coal analysis to this study 
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Figure C3. Schematic diagram of water analysis to this study 
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APPENDIX D 
 
CH4 MEASUREMENTS 
 
Culture tube headspace samples were drawn using aseptic, anaerobic technique. 100 μL 
headspace samples were taken with a Hamilton 1710 gas tight syringe equipped with a shut-off 
valve and a sterile 23 gauge needle. Gas samples are then manually injected into a Varian 9700 GC 
for CH4 detection. A 1%, 4% and 10% CH4 standard (Scientific and Technical Gases Ltd, UK) was 
used for calibration. The Gas Chromatograph was equipped with a split injector, 1177 column and a 
FID. Each set of measurements are corrected for that days calibrations. Linear trend is fit and set 
through zero to obtain % vol for injections at 1 atm and that day temperature. Conversion to µmol 
uses the ideal gas equation R=82.06 cm3*atm/K/mol.  
Appendix D1 to D6 are supporting data for Chapter 4 while Appendix D7 is for Chapter 5. 
Abiotic CH4 influences from Burung and Suban coals were tested using SSB1 and SSB5 water 
(Appendix D1, D5 and D7) while for Mangus coal (Mangus SB and Mangus A) using SSB5 water 
(Appendix D7). Overall CH4 measurement of SSB cultures indicated the presence of microbial CH4 
consortia that capable in doing coal conversion to CH4 in SSB cultures. Both hydrogenotrophic and 
acetoclastic methanogenesis were active in SSB cultures.  
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D.1. Measurement set 1 - SSB1 water cultures 
 
Figure D.1. CH4 yield from triplicates culture of SSB1 grown on: A) Burung coal (inoculated on 26 May 2012);  B) 
Suban coal. (inoculated on 5 June 2012). Small lines represent mean values from each set of measurements. 
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D.2. Measurement set 2 - SSB2 water cultures 
 
 
Figure D.2. CH4 yield from triplicate cultures of SSB2 grown on: A) Burung coal (inoculated on 26 May 2012); B)  
Suban coal. (Inoculated on 5 June 2012). Lines represent mean values from each set of measurements. 
. 
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D.3. Gas measurement set 3 - SSB3 water culture 
 
 
 
Figure D.3. CH4 yield from triplicate cultures of SSB3 grown on: A) Burung coal (inoculated on 27 May 2012); B)  
Suban coal. (inoculated on 5 June 2012). Lines represent mean values from each set of measurements. 
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D.4. Gas measurement set 4 – SSB4 water culture 
 
 
 
Figure D.4. Average CH4 yield from triplicate cultures of SSB4 grown on: A) Burung coal (inoculated on 27 May 
2012); B)  Suban coal (inoculated on 5 June 2012). Lines represent mean values from each set of measurements. 
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D.5. Gas measurement set 5 SSB5 water culture 
 
 
 
Figure D.5.1. CH4 yield from triplicate cultures of SSB5 grown on: a) Burung coal (inoculated on 27 May 2012);  
b) Suban coal (inoculated on 1 June 2012). Lines represent mean values from each set of measurements. 
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Figure D.5.2. CH4 yield from triplicate cultures of SSB5 grown on Suban coal (inoculated on 30 November 2012) 
Lines represent mean values from each set of measurements. 
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D.6. SSB methanogenesis pathway screening  
 
 
 
Figure D.6. Methanogenesis pathway screening of SSB water (culture inoculated on 27 May 2012) . CH4 yield from 
triplicate cultures of acetate and H2+CO2 treated cultures. Lines represent mean values from each set of measurements. 
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D.7. CH4 production from SSB 5cultures grown on 3 SSB coals of different rank  
 
 
 
Figure. D.7.1. CH4 production yield from SSB5 grown on Burung SB (Rv 0.39%) coal. Culture inoculated on 17 
January 2013.  Values are plot of individual replicates tubes against time. 
 
 
 
Figure. D.7.2. CH4 production yield from SSB5 grown on Mangus SB (Rv 0.5%) coal. Culture inoculated on 17 
January 2013. Values are plot of individual replicates tubes against time. 
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Figure. D.7.3. CH4 production yield from SSB5 grown on Mangus A (Rv 2.2%) coal. Culture inoculated on 17 January 
2013. Values are plot of individual replicates tubes against time. 
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APPENDIX E 
SSB MICROBIAL METHANOGEN CONSORTIA 
E.1. Microbial Taxa and Diversity 
For technical reason, among 5 water tested (SSB1, SSB2, SSB3, SSB4 and SSB5), only 3 
water can go for molecular analysis (SSB1, SSB4 and SSB5). SSB1, SSB2 and SSB3 wells are in 
the same area (Rambutan), each area about 2 km apart in distance. Among those 3 waters, SSB1 is 
the most potential. As such, SSB1 cultures were chosen to represent methanogen consortia in 
Rambutan area. SSB4 and SSB5 are located in Sekayu area. The distance between the 2 wells are 
20km apart. Both wells produced comparable methane yield. For those reasons, both SSB4 and 
SSB5 cultures were chosen to represent methanogen consortia in Sekayu area.  
 Overall it is confirmed that SSB formation waters contain diverse bacterial and archaeal 
communities that interact in a unique way to generate methane formation using different substrates. 
In SSB cultures, bacterial community profiling generated 15 OTUs from 7 taxonomic bacterial 
phyla groups, but only 10 OTU has abundance >1%  (Table E.1.1). The bacterial core taxa mainly 
consists of Proteobacteria (52%), Firmicutes (26%), Spirochaetes (7.5%) and Bacteroidetes (7%), 
while the Archaeal communities generated 8 OTU, which confirmed the presence of three 
methanogen orders: Methanosarcinales (80 %), Methanobacteriales (19%) and Methamicrobiales  
(1%) (Table E.1.2).  
The SSB1 water has the lowest bacterial population (4%) compared to SSB4 and SSB5. The 
bacterial sequences were dominated by Firmicutes (47%) followed by Proteobacteria (24%) and 
Spirochaetes (17%). All Firmicutes observed in SSB1 belong to the class of Clostridia that is 
affiliated to the unclassified Clostridales and Thermoanaerobacteraceae. Deltaproteobacteria was 
a dominant Proteobacteria that observed in SSB1, and it was grouped to the family of 
Geobacteraceae, Syntrophaceae and Desulfobacteraceae.  Coriobacteraceae from Actinobacteria 
phyla was detected in a minor amount along with Treponema from the Spirochaetes phyla. The 
obligate acetoclastic methanogen Methanosaeta (89%) dominated the archaea group in SSB1. 
Hydrogenotrophic methanogen was only present in a small proportion with all belong to the genera 
of Methanobacterium.  
The SSB4 water contained a community composed of 24% bacteria.  Pelobacter, the 
subgroup of Deltaproteobacteria, was significantly dominant (29%). The other Deltaproteobactera 
group that also observed in SSB 2 was Desulfovibrio. This genera was not encountered in SSB1. 
Coriobacteriaceae and Peptococcaceae were the representatives of the Firmicutes phyla group 
identified in the SSB2 water. The other group of bacteria that were present in the enrichment culture 
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of SSB2 was Spirochaetes (Treponema and unclassified Clolacamonales) and Synergistetes 
(Aminiphilus). The SSB4 archaeal taxa was dominated by obligate acetoclastic methanogen 
members of the Methanosaetaceae. Methanosarcninae was also observed but in low proportions. 
The only hydrogen utilizes detected a member of the Methanobacteriales. 
Bacterial taxa in SSB5 water accounted for about 23% from total microbial population, 
mostly dominated by Deltaproteobacteria (Pelobacter) and Clostridia (Acetobacterium). 
Acetobacterium were not observed in SSB1 and was present in very low concentration (<0.5%) in 
the SSB2 water. Other bacterial groups which present in SSB5 but not detected in the other waters, 
include the unclassified Acidobacteria, Acidaminobacter and Veillonellaceae.  Molecular analysis 
on acetate and H2+CO2 cultures of SSB5 water showed different proportion of microbial consortia. 
Spirochaetes, Deferribacterales and Synergitales were predominant in acetate culture while 
bacterial population in H2+CO2 culture was dominated by Ersypelotrichales and Clostridiales from 
the Firmicutes phyla and Desulfuromonadales from Proteobacteria phyla. Methanosarcina that is 
able to utilize acetate dominated the archaeal phyla in acetate culture. Alternately, all methanogen 
in the H2+CO2 culture belongs to hydrogenotrophic methanogen from the family of 
Methanobacteraceae.   
The SSB4 and SSB5 wells, which location was about 20km apart showed similarity in their 
bacterial community structure. Clostridia was prominent in both SSB4 and SSB5 while 
Deltaproteobacteria from the genera of Desulfuromonadales were significantly more abundant in 
SSB1. However, the consistent identification of Bacteroidetes, Clostridiales, Spirochaetes and 
Desulfuromonadels across different enrichment cultures of all three water grown on coal suggests 
that these groups of bacteria play a consistent role in the coal degradation. The obligate acetoclastic 
methanogen Methanosaeta dominated the SSB4 culture while the versatile methanogen 
Methanosarcina was the most prevalent archaeal in SSB5 culture. The absent of Methanosarcina in 
culture of SSB5 water grown on H2+CO2 suggested that Methanosarcina in this water metabolize 
acetate rather than H2+CO2. At such, it was apparent that in both SSB4 and SSB5 cultures, 
acetoclastic was more dominant than hydrogenotrophic methanogen. In contrast, the proportion of 
both acetoclastic and hydrogenotrophic methanogen in SSB1 culture were almost equal. The 
competition between Methanosaeta and Methanosarcina occur as the two microbes have different 
ability to transform acetate. Methanosaeta will dominate at low acetate concentration while 
Methanosarcina will dominate at high acetate concentration (Conklin et al., 2006).  It was likely 
that the SSB4 enrichment culture has low acetate concentration at such favour the growth of 
Methanosaeta species. In contrast, the dominant of Methanosarcina in SSB5 coal culture may 
suggest the high concentration of acetate in this culture. Additionally, the absent of Methanosaeta in 
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the acetate treated cultures where Methanosarcina was dominant, further confirm that high acetate 
concentration favour the growth of Methanosarcina.   However, despite the similarities in its 
microbial communities, Methanospirillum that was observed in the low proportion in SSB5 cultures 
was absent in SSB4 cultures. Taken together, these results suggest that each CBM site have unique 
community member which may reflect a specific insitu environmental condition that favors the 
growth of particular microbes. Further on, these findings confirm that developing coal as bioreactor 
indeed is site specific.  
 
Table. E.1.1. The dominant bacterial taxa detected in SSB cultures and the closest matches  
at 99% similarity to known bacteria in Gene Bank database. 
 
No 
Closest BLAST Sequence 
match Origin of closest match Affinity 
1 
Bacteroidetes bacterium 
AY548787 
Metal-Containing 
Wastewater 
Bacteria; Bacteroidetes; Bacteroidia; 
Bacteroidales; unclassified_Bacteroidales 
2 
Geovibrio ferrireducens 
X95744 
Surface sediment of 
hydrocarbon-contaminated 
ditch 
Bacteria; Deferribacteres; 
Deferribacterales; Deferribacteraceae; 
Geovibrio. 
3 
Acetobacterium carbinolicum 
AB546236 
Oil storage tank 
Bacteria; Firmicutes; Clostridia; 
Clostridiales; 
Eubacteriaceae;Acetobacterium. 
4 
Acidaminobacter 
hydrogenoformans 
AF016691 
Black mud 
Bacteria; Firmicutes; Clostridia; 
Clostridiales; Clostridiales  Family XII. 
Incertae Sedis; Acidaminobacter. 
5 
Azospira sp. R-25019       
AM084030 
Municipal wastewater 
treatment plant 
Bacteria; Proteobacteria; 
Betaproteobacteria; Rhodocyclales; 
Rhodocyclaceae; Azospira 
6 
Uncultured bacterium 
GQ181535 
Purified terephthalic acid 
(PTA) wastewater 
Bacteria; Proteobacteria; 
Deltaproteobacteria; 
Desulfovibrionales;Desulfovibrionaceae; 
Desulvofibrio. 
7 
Desulfomicrobium sp  
AY570692 
Production water of oil 
reservoir 
Bacteria; Proteobacteria; 
Deltaproteobacteria; Desulfovibrionales; 
Desulfomicrobiaceae; Desulfomicrobium. 
8 
Uncultured bacterium 
AB701661 
Natural gas field 
Bacteria; Proteobacteria; 
Deltaproteobacteria; Desulfuromonadales; 
Pelobacteraceae; Pelobacter 
9 
Geobacter pelophilus        
U96918  
Freshwater enrichment 
culture 
Bacteria; Proteobacteria; 
Deltaproteobacteria; Desulfuromonadales; 
Geobacteraceae; Geobacter. 
10 
Uncultured bacterium 
GQ181438 
Purified terephthalic acid 
(PTA) wastewater 
Bacteria; Spirochaetes; Spirochaetales; 
Spirochaetaceae; Treponema. 
 
Appendices A-21 
 
 
Table E.1. 2. The dominant archaeal taxa detected in SSB cultures and the closest matches  
at 99% similarity to known bacteria in Gene Bank database. 
 
No Closest BLAST Sequence match Origin of closest match Taxonomic String 
1 
Methanobacterium formicicum 
AF169245 
Culture collection, Institute 
of Microbiology CAS 
China 
Archaea; Euryarchaeota; Methanobacteria; Methanobacteriales; 
Methanobacteriaceae; Methanobacterium 
2 
Methanoculleus hydrogenitrophicus 
strain HC FJ977567 
Wetland soil 
Archaea; Euryarchaeota; Methanobacteria; Methanobacteriales; 
Methanobacteriaceae; Methanoculleus 
3 uncultured Archaeon AB233303 Digester sludge 
Archaea; Euryarchaeota; Methanobacteria; Methanobacteriales; 
Methanobacteriaceae; Methanofollis 
4 
Uncultured Methanospirillaceae 
archaeon S000591267 
River sediment 
Archaea; Euryarchaeota; Methanomicrobia; Methanomicrobiales; 
Methanospirillaceae; Methanospirillum. 
5 Methanoregula formicica AB479390 Granular sludge 
Archaea; Euryarchaeota; Methanomicrobia; Methanomicrobiales; 
Methanomicrobiales_incertae_sedis; Methanoregula. 
6 Uncultured archaeon JN397698 River bank sediment 
Archaea; Euryarchaeota; Methanomicrobia; Methanosarcinales; 
Methanosaetaceae; Methanosaeta. 
7 Methanosarcina mazeii DQ987528 
Isolated strain from Lake 
sediment 
Archaea; Euryarchaeota; Methanomicrobia; Methanosarcinales; 
Methanosarcinaceae; Methanosarcina 
8 
Uncultured archaeon WCHD3-02  
AF0550616 
Wetland soil 
Archaea; Euryarchaeota; Thermoplasmata; Thermoplasmatales; 
Thermoplasmatales_incertae _sedis; Thermogymnomonas 
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Table. E.1.3. Microbial methanogen diversity in cultures 
of SSB water grown on Suban coal 
 
Micobial Taxa SSB1 SSB4 SSB5 
Archaea 
   
Methanobacteriales 
   
Methanobacterium 35.3 4.1 6.2 
Methanomicrobiales 
   
Methanospirillum 0.0 0.0 3.1 
Methanosarcinales 
   
Methanosaeta 17.9 89.0 11.9 
Methanosarcina 22.4 2.0 55.2 
Total read abundance of Archaea 
Taxa (% of normalised OTU 
read) 
75.6 95.1 76.4 
Species richness (Chao 1) 6.0(6.0;7.01) 8.0(7.07;20.77) 8.0(8.0;8.9) 
Evenness 0.67 0.17 0.45 
Shannon Diversity Index 1.20 0.35 0.93 
Bacteria 
   
Bacteroidetes 
   
o_Bacteriodales 0.2 0.3 3.3 
Firmicutes 
   
Acetobacterium 0.1 0.0 8.7 
other Firmicutes (c_Clostridia) 1.6 1.6 1.1 
Proteobacteria 
   
f_Pelobacteraceae 19.8 0.0 5.0 
other Proteobacteria 0.5 1.0 0.6 
Spirochaetes 
   
Treponema 0.4 0.7 2.0 
other Sprirochaetes 0.0 0.4 0.4 
All Synergistetes 0.3 0.1 0.9 
Other Bacteria 1.4 0.9 1.5 
Total read abundance of Bacteria 
Taxa (% of normalized OTU 
read)  24.4 4.9 23.6 
Species richness (Chao 1) 33.9(22.4;82.9) 26.0(22.1;44.0) 34.8(28.9;58.3) 
Evenness 0.26 0.86 0.58 
Shannon Diversity Index 0.90 2.79 2.05 
 
Note: No microbial community data for SSB2 and SSB 3. OTU= Operasional Taxonomi Unit. p= 
phylum, c= class, o= order, f=family. For Chao 1, values between brackets represent lower bound and 
upper bound. Only taxa that has read abundance ≥1% from total are plotted in this table. Taxa that has 
read abundance <1% was grouped together. Dominant taxa are highlighted 
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Table E.1.4. Microbial methanogen diversity in cultures of SSB5 water  
grown on acetate and H2+CO2 
 
 
Micobial Taxa Acetate H2+CO2 
Archaea    
Methanobacteriales 
  
Methanobacteraceae 0.00 30.08 
Methanobacterium 0.00 66.52 
Methanomicrobiales 
  
Methanoculleus 6.60 
 
Methanofollis 2.17 
 
Methanosarcinales 
  
Methanosarcina 68.08 0.00 
Thermoplasmata 8.78 0.17 
Total read abundance of Archaea 
Taxa (% of normalised OTU read) 
85.63 96.77 
Species richness (Chao 1) 4(4;4) 4(4;5.51) 
Evenness 0.93 0.47 
Shannon Diversity Index 1.29 0.65 
Bacteria   
Deferribacteres 
  Geovibrio 3.21 0.00 
Firmicutes 
  
0_Clostridiales 1.30 1.60 
Proteobacteria 
  
Desulfovibrio 5.20 0.00 
other Proteobacteria 0.17 0.17 
All Synergistetes 3.00 0.00 
Other Bacteria 1.49 1.46 
Total read abundance of Bacteria 
Taxa (% of normalized OTU read)  14.37 3.23 
Species richness (Chao 1) 11 (11;12.77)   6.48(6.03;13.99) 
Evenness 0.62 0.80 
Shannon Diversity Index 1.95 1.51 
 
OTU= Operasional Taxonomi Unit. p= phylum, c= class, o= order, f=family. For Chao 
1, values between brackets represent lower bound and upper bound. Only taxa that has 
read abundance ≥1% from total are plotted in this table. Taxa that has read abundance 
<1% was grouped together. Dominant taxa are highlighted 
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Figure E.1.2. Microbial diversity in  SSB enrichment cultures: a) Bacterial and methanogen diversity in SSB1, SSB4, 
SSB5 water cultures using Suban coal as a substrate; b) Bacterial and methanogen diversity in SSB5 cultures using 
acetate and H2CO2 as substrates. Only taxa with sequence reads > 1% of the total microbial population are included in 
these profiles.  
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E.2. Microbial community changes during growth  
Figure E.2. shows community changes during microbial growh of SSB5 cultures grown on 
Suban and Petai coal. As these cultures set were inoculated at different time with the samples 
presented in Chapter 5, this data were not included in the thesis. The data suggest that 
Methanosarcina favor Suban coal culture than Petai coal. The obligate hydrogenotrophic 
methanogens are more abundant in Petai coal culture than Suban one. In addition, bacterial relative 
abundance decreased overtime while methanogens increased, which is similar with the trend 
observed for samples presented in Chapter 5. Overall, the result also support the hypothesis in 
Chapter 5 that coal substrate has some influences into the microbial community structures. Detail 
discussion can be seen in Chapter 5. 
A 
 
B 
 
Figure E. 2. Bar charts depicting microbial methanogen community dynamics and diversity at phylum level in SSB5 
cultures during different stages of growth; A. Suban (Rv 0.39%); B. Petai (Rv 0.44%), Microbial populations presented 
in the graphs are the ones that occupy at least 1% of the total microbial population in any stage of growth. Bacterial 
population displayed as area with solid colour while methanogen population displayed as area with pattern.  
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